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Abstract 

M<:ctiort of mice with murine cytomegalovirus (MCMV) is an esublished model for studying human cylomegalovlrus (HCMV) infection, 
SiTnilarly to HCMV infection, pathologicaJ changes and disease manifestadons during MCMV infection nrc mftinly dependent on the immune 
status of the itiouse host This review focuses mainly on the pathogenesis of MCMV infection in immunocompetent and Immunodcficicnl 
and/or immature mice and discusses the principles of immunosurvcillance of infection and the mechanisms by which this vims csvades immune 
control. 

© 2003 fciitions scientifiquc5> et mMicalcs Elsevier. All rights reserved. 
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!• Introduction 

Murine cytoitiegalovirus (MCMV) beloiigvS to the genus 
cytomegalovirus (CMV) of tJie p-Herpesvirinae subfamily of 
Lhe Herpesviridae family. CMVs are marked by strict species 
spcci [icily, tropism for hematopoielic tissue and secretory 
glands, and a slow replication cycle. After the resolution of 
acute infection, CMVs establish perslscem life-long infec- 
lions characterized by altemate stages of virus productivity 
and latency. Although producing up to 200 polcnually anti- 
genic proteins during its sequential immediate eai^ly (1E)» 
early (E) and late (L) phases of gene expression, transmission 
to a new host is achieved in tlie face ol' repeatedly primed 
antiviral immune responses. 

The routes used by MCMV to enter the host have not yet 
been clearly determined. Infectious vims can easily be de- 
tected in saliva of chronically infected mice, and productive 
infection is confined to glandular epithelial cells of salivary 
glands for a prolonged period of time, even in a fuliy immu- 
nocompetent host. Therefore, it is likely that the saliva is the 
major source of virus for horizontal spread, and the major 
route of entry for MCMV is the epithelium of the gastrointes- 
rinal and the upper respiratory tract. Per oral infection of 
newborn mice with MCMV leads to virus spread similar to 
that following intraperitoneal virus administnilion {S. Jonjic, 
unpublished), which confirms that MCMV can enter tlvough 



the epithelium of lhe gastrointestinal and/or respiratory tract. 
In addition, sexual transmission of MCMV and viral entry 
through die epithelium of the genitourinary tract could be an 
important means of its horizontal spread. After entry into the 
host, the virus spreads haematoioglcally to various organs 
ajid infects many different cell iype$, including epithelial and 
endothelial cells, myocytes, brown fat adipocytes, fibrocytes, 
macrophages ajid bone marrow (BM) stromal cells. 

Since MCMV infection shares many features with human 
eyiomegaloviius (I-ICMV) infection, the mou.se model has 
been extensively iised Ibr studying the pathogenesis of acute, 
latent and recurrent virus infecdons. Disease manifestadons 
during MCMV infection can vary signi ficandy, depending on 
the source of die virus (tissue culture (TC)- vs. salivary 
gland-derived virus (SGV)), the dose of virus and the route of 
inoculation, immune status of the mouse, the age at inocula- 
tion and the genetic backgi'ound of the mouse. In this review, 
we will focus on several aspects of MCMV pathogenesis, 
including the immunosurveillance of infection and the 
mechanisms by which MCMV evades immune control. 



2* MCMV infectiun in iminunocompetent mice 

Intraperitoneal or footpad injection of adult immunocom- 
petent mice with TC MCMV (10* PFU) is usually asymp- 
tomatic, and it is not associated widi serious damage to organ 
systems. This is consistent with the fact that very little infec- 
tious virus can be detected in tissues of infected mice, with 
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the exception of salivary glands, which sapport prolonged 
vims replicalion. On the other hand, injection of a similar 
dose of SCV results in damage to multiple oi-gans and tissues 
and high mortality even in fully Immunocompetent hosts. 
SGV is produced as a homogcnate of salivary glands from 
infected mice, the cellular components of which piesunfiably 
include cytokines and hormones. These components may tn 
pan account for some of the virulent manifestations of SGV 
in lection as compared to TC MCMV It must be noted that 
just a single passage of SGV through cell culture leads to the 
loss of virulence. Interestingly, virus derived from other 
tissues ex vivo is not as virulent aA SGV» indicating ihat this 
cpigenetic phenomenon may be specific to virus grown in 
glandular epithelial cells of salivary glands. 

The primaiy features of acute infection with SGV include 
high levels of virus replication in the spleen and the liver, 
with loss of the liver function [1,21 and immunosuppression 
[3,4]. We have shown that both histopathological changes 
and perturbation of the liver function correlate with the level 
of virus replication in this organ, stressing the imponant role 
of direct viral damage of hepaiocytes in the pathogenesis of 
disea.se [51. Howevei; the global and confluent destruction of 
die liver observed during lethal infections is associated with 
some histopathological maniiestarions typically linked with 
high levels of circulating tumor necrosis factor-a (TNF^a). 
SGV infection also induces shock-like syndrome in infected 
mice, characterized by massive induction of cytokines late In 
Infection 15], Therefore, bystander effects related to the cy- 
tokines or other soluble mediators, in addition to direct dam- 
age caused by the virus replication, can contribute to liver 
disease and a fatal outcome of infeciion. The extent of dam- 
age to the spleen and suppression of immune responses 
appears to be closely linked with the degree of liver dysfunc- 
tion, and ultimately, the death of infected mice. 

3. Pathogenesis of MCMV in immunocompromised 
and immature mice 

CMVs in general cause a^symptomatic infection in immu- 
nocompetent hosts but are important opportunistic vinjses 
affecting immunodeficient hosts. For example. HCMV infec- 
tion Is the leading opportunistic infection among AJDS pa- 
tients and leads to variable clinical manifestations including 
pneumonitis, hepatitis, retinitis, esophagi tis, colitis, and 
enchephaliiis (reviewed in (6j). Similarly, infection of immu- 
nocompromised mice with TC MCMV is associated witli a 
high level of virus replication and multiple organ damage, 
resulting in high morbictity and mortality [7]. Pneumonitis is 
a serious manifestation of HCMV infection, often fatal In 
immunosuppressed allogeneic transplant recipients (re- 
viewed in (61>. MCMV infection of mice after sublethal 
Y-itTadiation also causes interstiiial pneumonia characterized 
by cell swelling and interstitial lluid exudation. Intracellular 
inclusions and active vji-us replication are observed m inter- 
stitial cells, pneumocytes, and endothelial cells of the lung 
(71. Adrenal necrosis caused by HCMV has been described 
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as a life-threatening pathophysiological manifestation 
among AIDS patients [8]. Similarly, MCMV infection of 
severely immunocompromised BALB/c mice induces focal 
necroses throughout the adrenal cortex (91- Moreover, 
adrenalectomized BALB/c mice succumb to doses of virus 
up to fivefold lower than normally tolerated, indicating that 
an adrenocortical response is critical to survival during the 
early days after infection [tO]. However, the extent to which 
lesions of adrenal glands conunbute to high mortality of 
MCMV-infectcd immunodeficient mice and immunocompe- 
tent mice infected with SGV remains to be determined* 

Reddehase and colleagues demonstrated that MCMV in- 
fection of immunodeficient mice causes BM aplasia [1 II. 
MCMV- induced changes in the BM occur at the early stage 
of hematopoietic differentiation, at or before the renewal of 
the stem cell factor receptor-positive (SCF-R^) stem and 
progenitor cells [12]. The aniihematopoietic effect, however, 
could not be attributed to a direct effect of MCMV on the 
stem or progenitor cells, because progenitor cells derived 
from infected BM proliferate and differentiate normally after 
a rescue transfer to a healdiy stromal microenvlronment 
[1 1,13]. Since the proliferation of progenitor cells can be 
limited by a lack of support by stromal cells due to the 
MCMV infection. It appears that the stromal cells are the 
principal tai'gets of MCMV infection. However, MCMV in- 
fection of BM is not associated with extensive cytolytic 
infection of stromal cells. Instead, the functional integrity of 
the stroma is Impaired, Including a reduced expression of 
essential hemopoietins such as SCF, granulocyte colony- 
stimulating factor (G-CSF) and interleukin-6 (IL-6) [12,141. 

HCMV hifeetion is implicated as apoiential contributor in 
atherosclerosis. BALB/c mice inoculated with MCMV ex- 
press viral antigens in the endothelial and smooth muscle 
cells of the aortic wall- Similarly to early atherosclerotic 
lesions in humans, the accumulation of inflammatory cells in 
the aortic lumen co-locaHzes with the site of viral antigen 
expression (151. The level of low-density lipoprotein choles- 
terol (LDL-C), the major lipid contributor to atherosclerotie 
plaques, is significantly increased in the serum of MCMV- 
infected mice, suggesting that MCMV infection contributes 
to atherosclerosis by immune injury and increased level of 
LDL-C in the serum [15]. In addition, MCMV infection 
induces myocarditis, characterized by a mononuclear cell 
infiltration^ which vjmes from focal to intense inflammation 
with associated necrosis of myofibres and cytomegalic viral 
inclusion-beaj-ing cells during aculc phase of the infection 
[16]. The heart-infiltrating cells are predominantly CDS* T 
lymphocytes but also CD4"*"Tcells. macrophages, B cells and 
neuU'ophils (17]. Antiviral antibodies that cross-react with 
cardiac myosin are produced during MCMV infection, sug- 
gesting the possibility tliat molecular mimicry contributes to 
the pathogenesis of autoimmune myocaidilis following the 
infection [181- 

The mouse model of CMV retinitis with features resem- 
bling those observed in himian patients has been established 
[19]. MCMV inoculation via supraciliary route results in 
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infection of retinal glial cells and apoptosis of retinal neurons 
in sspite of the tact that neurons are not infected. It has 
recently been shown that loss of the perforin cytoioxic path- 
way pi-edisposes mice to MCMV rethiitls [20J. 

MCAf V infection in neonatal mice 

HCMV infections are the leading cause of morbidity, 
mortality £ind mental retardation in congenltally and peri- 
naially infected infants (reviewed in [21]). HCMV can be 
transmitted Lransplacentally from mother to fetus during 
pregnancy, during birth or through breast-feeding. Vertical 
u-ansmissJon of MCMV is different from HCMV in that 
while it can be transmitted to newborn mice during birth or 
afterwards by breast-feeding and saliva, it cannot be U"ans- 
mitted transplacental! y. Thus, MCMV is not an optimal 
model for congenital HCMV infection. Nevertheless, 
MCMV infection of neonatal mice recapimlates many clini- 
cai. pathohistological, and pathogenetic features of congeni- 
tal HCMV infections [221. Unlike adult mice acutely in- 
fected with TC MCMV» in which productive infection is 
terminated within 3-4 weeks, newborn mice that sui-vive 
MCMV infection establish a long-lasting persistence in sali- 
vary glands and shed the vims in saliva for several months 
before termination of productive infection and establishment 
of latency [23]. InUraperitoneal infection of neonatal BALB/c 
mice with lOQO PFU of TC MCMV results in significant 
morbidity and moitality, causing disease that in many ajspects 
resembles the infection of adult mice with more virulent 
SGV [24]. Immunohistological staining for viral TE antigen 
showed positive cells In a wide range of tissues and organs 
(Fic. I), Confluent necroses were observed in the liver. The 
lesions were characterized by large patches of nuclear debris, 
coagulative necrosis and changes consistent with hypoxic 
necrosis. High levels of TNF-a induced in MCMV-infected 
neonatal mice may account for the observed severe liver 
damage and high frequeacy of mortality [24]. 

In contrast to adult mice, MCMV infection In newborn 
mice is characterized by virus dissemination within the cen- 
tral nervous system (CN5), associated with inflammatory 
changes and developmental abnormalities (124J and S. Jon- 
jlc» unpublished), Tmmunohisiological studies have revealed 
scattered CMV-positive cells throughout the brfun, Including 
the hippocampal region, the brain cortex, the cpcndyrnal 
lining of tlie lateral ventricles and the cerebellum. Hisio- 
paihological sstudies have shown that inflammatory lesions 
develop from minimal changes during early days post- 
infection into significant inflammatory lesions at later times 
of infection. These lesions tend to increase in severity and are 
still pronounced at the 21st day post-infection, a time at 
which infectious virus is undetectable in the brain. These 
findings Strongly suggest that the mechanisms responsible 
for vims clearance in the CNS are also responsible for devel- 
opment of laic inilammatoj^ lesions, and subsequent brain 
damage. However, multiple foci of necrosis not associated 
with lymphocytic cellular infiUrate-s are noted as well. The 
observed differences in the MCMV infection of brain be- 
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iween neonatal and aduh mice can be explained not only by 
the immunological immaturity of neonatal mice, but prob- 
ably also by the fact that in neonatal mice many cell types in 
the brain are in a stage of differentiation that is permissive for 
MCMV infection 125]. A still permeable, blood-brain barrier 
in neonatal mice is also likely to contribute to the hemato- 
logical spread of the virus to the brain tissue. However, virus 
may gain access to the CNS by multiple routes. Cells ex- 
pressing viral antigens can also be detected in the olfactory 
epithelium of infected animals [24J, suggesting that MCMV 
can entei' the brain of newborn mice via sensory epithelium. 

Virus-associated damage in the newborn mouse extends 
beyond hepatic, neuronal and lymphatic tissues. Necrosis 
and inflammation is observed throughout the dcnnis of the 
skin. Viral antigens also can be detected in diverse cell types 
such as cells of hair follicles and the BM. Significant myosi- 
tis and myocarditis also develop, as well as coagulative 
necix>sis in the smooth muscle wall of the ureter [241. MCMV 
also infects the endothelial and myointimal cells of Uie coro- 
nary arteries in newborn BALB/c mice [22], suggesting the 
possible association between perinatal infection and athero- 
sclerosis. Interestingly, although intestinal epithelium has 
been described as a target for HCMV infection in immuno- 
deflciem humans, we failed to detect MCMV in intestinal 
epithelial cells of newborn mice. 

4« Imuno.<{urvelllance of MCMV infection 

Immune control of CM V infection is organi7.ed in a hier- 
archical and redundant manner by distinct elements of the 
immune system. Cellular immunity and interferons have 
been demonstrated to play a promlnetit role in control of 
primary MCMV infection, establishment of latency and pre- 
vention of productive virus reactivation (reviewed ia 
126.27]). 

4, 1. Early zuscept ibility of mice to MCMV infection 
correlates with their ability to mount NK cell response 

The deficiency of NK cells in humans is rare, but .such 
individuals suffer from unusually severe HCMV infection 
[281. The importance of NK cells in tiie control of MCMV 
infection has been shovm for several mouse strains^ particu- 
larly for athymic nude mice and mice with severe combined 
immunodeficiency (SCID) [29]. Based on their susceptibility 
to MCMV infection during the early post-infection period, 
conventional mouse st^^iins can be divided into two groups: 
MCMV-susccptiblc strains, represented by BALB/c mice, 
and MCMV-resisiani strains, represented by mice 
(reviewed in [30]). Resistance to MCMV strongly correlates 
with the ability of mouse surains to mount an effective NK 
cell response (Fig. 2A, B) controlled by the Cmvl locus, 
positioned inside the NK gene complex on mouse chromo- 
some 6. The alleles of the CrnvJ lociis can either confer 
susceptibility (Cmv7*, a recessive allele) or resistance 
{Cmvr, a dominant allele) to MCMV. The latter allelic form 
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Fig. 1 . Multiple oT^jiK find tissues of newborn mice can be infected by MCMV. Newborn mice were injocted wiih 1 00 PFU of tisKucHmlturc-srown MCMV. and 
ih«if organs wens anatyxcd far expression ot MCMV pp89 IE protein rocogniKcd by CROMA lOJ niAb. Parofflii sections were processed and swincdi as 
described previously [51- MagnificHtion of ihe phoioinicrogr«phs is 20x. Shown are: A. cerbbdlum: B» ganglion; C, hippocampus; D, skeletal muisclc; E» dcnnis; 
K lungs: O. liver; H, heart mu.tcle. 



restricts early MCMV rcplicalion in the spleen of resistant 
strains 13K32], "Recently, thcLy49h gene has been Identified 
the gene that mediates; the CmvJ phenotype [33-35], 
Depletion of NKl.l"*" or Ly49H* NK cells abolishes resis- 
tance Lo MCMV in C57BU6 mice [34-^36]. Ly49H binds 



specifically to a protein encoded by the MCMV m757 gene, 
which htts a structural homology to MHC class J molecules 
[37>38]. The fact that the product of the m/57 gene Is the 
ligand for the activating NK cell receptor could be counter- 
productive from the virus point of view, and it is unclear why 
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Fig. 2. Hos( and viral tnciort determine the sus«piibiUty to MCMV inPcciioii. Natural resistance to MCMV is delerniincd by cxpresRion of iItb ucLivaiiilfi NK 
cell receptor. Ly49H. (A> Activaiion of NK cells in c:57QU6 mouse strain is a consequence of binding of the hyAm NK cell receptor to the MCMV ?w/57 gene 
pi-oducr. leading to c nkacious v irus control in vivo, whicll can be compromised b> depletion of NK cells. (B) In the BALB/c mouse strain, however, the absence 
or Ly49H NK cell rewptor prcvcnia NK cell activation and vims control. Adopted from Narun Jnmunology 3 (2002) 52^335, with copyright pera\ission of The 
Nature Pwblf.'Jhing Group [391. 



MCMV has maintaiTit:d the mi57 gene in iL$ genome in spite 
of immunologicai selective prcsssure. However, sinct ihe 
product of mJ 57 aUo binds to the 129/J strain tdlelic fonn of 
Ly49I, an inhibitory NK receptor* it has been proposed that 
ml 57 might have originally evolved to iicrve as an Immune 
evasion protein that delivers inhibitory signals to the NK cell 
subsets expressing Ly49I or T,-y49I-like receptors [37], Bear- 
ing in mind that Ly49H-negative mouse strains possess other 
activating NK receptors^ such as NKG2D, it waA' unclear why 
these mouse strains are unable to mount an effeciive NK cell 
response. We have recently explained this paradox [39] by 
showing that MCMV inhibits NKG2D activation by down- 
regulation of its cognate ligands on infected cells (see Fig. S 
and paragraph on MCMV-mediaicsd modulation of immune 
control). 

4.2. Selective role of T cell subsets in the control 
of MCMV infeciion 

Although NK cells play an important role during the early 
posi-infectjon period in MCMV-resisiaiu mouse strains, T 
lymphocytes oxt required for the termination of the produc- 
tive infection and the establishment of latency. Originally, the 
protective capacity of T ceils against MCMV infection was 
determined by adoptive translcr of MCMV-primed T cells 
into syngeneic sublethally y-ijTadiakcd hosts [7,9]. These 
studies have shown that T lymphocytes obtained from drain- 
ing lymph nodes of acutely infected immunocompetent 
mice, as well as memory T cells derived from latently in- 
fected mice, can prevent monality and limit the vims repli- 
cation in various organs and tissues. Furthermore, it has been 
shown that this antiviral effect of T lymphocytes was a 
function of the CD8* T cell subset, wh^eas CD4* T lympho- 
cytes were InefOclem and not required for immunocyto-* 



therapy mediated by CDS'* T cells (Fig. 3). This protective 
function has been demonstrated not only by trinsfer of poly- 
clonal T cell population but alao by T cell lines of defined 
peptide specificities [40-42], Adoptively transferred 
MCMV-piimed CDS'*" T lymphocytes effectively limit vims 
replication in tissues, prevent histopathological damage and, 
uhimately. protect infected immunocompromised recipients 
from a lethal outcome of infection. Moreover, activated 
CDS* T lymphocytes are effective not only in prophylaxis 
but also in therapy of manifested MCMV disease. The valid- 
ity of this immunotherapy model has been proven by clinical 
application of T cell uransfer as a specific preemptive cy toim- 
munotherapy of HCMV disease in immunocompromised 
humans after BM tranrjplantation 143]. 

Memory T cells have a powerful protective role against 
lethal MCMV infection after transfer into syngeneic immu- 
nodeficient recipient 19J. Recent studies indicate that antivi- 
ral memory CD8* T cell response differs between readily 
eliminated viruses (e.g. lymphocytic choriomeningitis virus 
and inlluenza A virus) and viruses that establish 
chronicHatcnt infection with continuous challenge of im- 
mune response. In the case of readily eliminated viral infec- 
tions, which tertnlnate with entire virus and antigen clear- 
ance, a large initial expansion of specific effector CDS* T 
lymphocytes is followed by a contraction phase [44]. It has 
recently been shown that a small pool of memory CDS* T 
cells, derived from effector cells, with the quality of self- 
renewal and rapid recall to the antigen, remains fiTter such a 
type of vLral Infection [45]. During persistent virus infec- 
tions, however. T cells are under continuous antigen boosts 
and Specific CD8'^ T cells are maint^ned at high levels [46]. 

A d)aracteri$tic shaping of the T cell repertoire and immu- 
nodoml nance of certain viral peptides between acute re* 
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Rg. 3. CD8^ T cells are principal efTecWi* cells In the control of MCMV infeciion. BALB/c nii«s iinmuoodepleied by lotol boJy y-iTradiarion and injected vrtth 
1 0^ PFU oC MCMV devtlop molti-orgiin dhsKiiM wiili high v^nin titrc in their Xxsnuen and usually Kuccumb uo ihe infeciion. ProphyiacUc as well as OiBrapcutic 
adoptive transfer ofMCMV-primed syngeneic CDS* T lymphcKy ces into infected and Imnnunodepleied recipienis leads to vims control and rutvivuI of infected 
anlmalK. in contrast, 004*^ T cells derived from MCMV-primed immunocompetent donoi's fail to protoct die rccfplcnt mtoe, and diey TtiKiubndy succumb to 
infeotion. siinilarly to mice that were nul irdnsfenred with immune cells. T.p.. foOtp^d. 



sponse and memory after MCMV infection wa$ originally 
demonsiralcd by Reddehase and colleagues 140,41.47,48]. 
They have shown thai memory CDS* T cells specific for 
MCMV lEl peptide accumulate in lymphoid tissue and as 
tissue-resident interstitial cells during laxency, and that a 
majotity of these cells show an activated (CD62L}'^) pheno- 
lype [40.47], Furthermore, these memory-effector T cells arc 
protects vc against NfCMV Infection upon their adoptive 
transfer in vivo 140.4SJ. This finding is in accordance whh 
the interpretation that lEl -specific CDS"^ T cells are fre- 
quently resenskized during latent infection and may thus be 
involved in the mainteruuice of MCMV Ucency [47,49]. 
However* ahhough this enrichment of memory T celJs does 
npt apply to T cells specific for three other MHC class 
I-restricted MCMV peptides (m04, m83 and m84), it is not 
exclusive for lEl peptide cither. Namely, CDS'*" T cells spe- 
cific for peptide derived from MCMV E protein ml 64 co- 
accumulate with mi^specific CDS"^ T cells in the latent 
effector-memory pool [401. This pattern of memory kinetics 
has recently been reproduced in MCMV-infected mice by 
use of MHC class 1 tetramers loaded with MCMV immun- 
odominant peptides [50 J. Consistent with the explanation 
that accumulation of TE J -specific memory T ceils is a conse- 
quence of frequent resensitiz^ion by the lEl peptide during 
MCMV latency is the laclc of accumulation of memory cells 
in mice after infection with recombinant vaccinia virus ex- 
pressing MCMV lEl. 

4,3. Plasticity of T cell rttsponse to MCMV infection 

Since adoptive cell transfer experiments demonstrated 
that the essential effector cells responsible for virus clearance 
from tissues belong to CDS"^ T lymphocyte subset, it could 



have been expected that mice devoid of CDS'*" T lymphocytes 
would be unable to conixol MCMV infection. However, in 
contrast to this assumption^ mice depleted of CDS* T cells by 
cytolytic monoclonal antibodies orCD8 or p2-rTucroglobuiin 
gene-knockout mice develop an efficient immune effector 
function and eliminate the virus from tissuca with clearance 
kinetics similar to normal mice [51 ,52]. It appears that CD4''' 
T cells can take over antiviral activity In animal hosts devoid 
of the CDS* T cell subset. Contrary to CD4"*' T lymphocytes 
derived from MCMV-infected immunocompetent mice, tliat 
were neither protective on iheir own nor required for the 
protective function of CDS* T lymphocytes (Fig. 3), virus- 
specific CD4'* T cells induced in CDS-deficient hosts exert a 
protective function when transferred into lethally infected 
recipients (Fig. 4) [52]. Yet, in addition to CD4^ T cells, 
accessory cells including macrophages are required for lim- 
iting the viral spread. Therefore, it can be concluded that ihe 
immune systcrh can compensate for the lack of function of 
one of its effector arms. However, there are exceptions to this 
principle, and some functions of cither CD4* or CDS* T cells 
ciinnot be mutually compensated. For instance, mice de- 
pleted of CD4* T cells were unable to elirainaie the virus 
from salivary glands despite a strong influx of CDS* T cells 
into this organ, Tn these mice, virus is localized to tlie acinar 
glandular epithelial cells, and a long-term, high-level pro- 
ductive infection is established [53]. It can be concluded that, 
although CDS* T lymphocytes represent the major protective 
principle in MCMV infection, CD4'*' T cells are essential for 
virus elimination and in the prevention of horizontal trans- 
mission of infection. In contrast, CD4*** T cells fail to com- 
pensate for the loss of the CDS"^ T cell function during 
immunorecoDstitution after syngeneic BM (nmsplantalion in 
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Fig. 4. PlaKiiciiy of T celKmedifltcd immune rcspoiwe. Adult thymEctotniT.cd m'lot, depleted of either CD4'*' orCDft'^ T cells by cyiolyiic mAbs and footpad 
infected with MCMV. survive infection and dear Uic vinn; with clearance kijietlcs j;imilar to those of normal mice. However, CD4* T cc)l-^plctcd mice fail to 
clear the virua in the Seilivjiry glands. Adoptive trajisfer Of T cells (Jerived from cither CD4* or CDS*T c«ll-deplet«l and MCM V-infecicd mice dcmonstraled that 
CD4* T ct\H are not needed for the jjcncraiion of specific CD8* T ccUa. Funhermore, in contrast to CP4* T qqIH derived from fully immunocompeteni nuco, 
MCMV infection In CDS* T cell -deficient mice resulted in gcncruiion oF protective tmtivjral CD*"^ T cells, f p., Ibotpad. 



BALB/c mice (54.551. In ihis modeU the reconstituiion of 
CD8* T cells is crucial for the prevention of fatal multiple- 
organ MCMV disease. Depletion of CD5* T cells, but not of 
CD4*Tcells, pcrJbrraed during thereconstitution phase aftex 
BM iransplantalion, abolished the development of protective 
antiviral immunity and led to an enhanced virus replication in 
the most relevant organs. 

4 A, Tfie role oflFNs and TNF-a during MCMV infection 

It is well established thai interferon-y (IFN-7) and TNF*a 
play an imponant role in fatal and nonfatal MCMV disease 
progression. The function of these cytokines during MCMV 
infection can vary from protective [56-59] to pathogenetic 
|5,60j. Depletion of TFN-r and TNF-o by aniibodies has 
detemiined the crucial role of these factors in the control of 
MCMV replication and effector functions of antiviral CD8^ 
T cells in vivo f5G,59], TFN-y and TNF-a act synergistlcally 
to induce an antiviral state in the uninfected cell, which 
reduces the production ofinfectious virions and prolongs the 
replicadon cycle following MCMV inlcciion 157j. This kind 
or effector fimctioji is exu'emely imponant for recovery from 
primary infection. The sources for both cytokines during 
infection are NK cells and both CD4* and CDS"" T lympho- 
i;ytes. In addition to the well-documented antiviral effects of 
these cytokines, IFN-y could have nn important function in 
combating inhibiioty viral effects on the antigen- 
presentation machinery [5C>]. By incrca.sing the MHC gene 
expression, H-N-y counteracts the block in andgcn presenta- 
tion that is mediated by products of viral immunomodulatory 



genes. Yet, IFN-y has very little effect on cells that are 
already infected, and pre-treatment for at least 12 h prior to 
infection is required to derive a beneficial effect [56]. Thus. 
IFN-y and TNF-a arc imponant both at an early stage after 
infection when they prevent the radial transmission of the 
virus, and at a later stage, when they preserve the presenta- 
tion of peptidc-loaded MHC chiss 1 molecules to CDS"^ T 
cells. However, the inability of infected cells to respond to 
IFNs suggests d:iat MCMV possess a mechanism to interfere 
with IFN-induced gene transcription [56^7,61], It ha.H been 
shown that MCMV inhibits IFN-y-induced MHC class n 
expression on macrophages at a stage subsequent to STAT! 
acdvation and nuclear translocation [62], although the 
MCMV gene responsible for this viral evasion mechanism is 
still unknown. Attenuation of innate antiviral defenses ap- 
pears to be Q critical step in the life cycle of the CMVs, as 
evidenced by the linding that both i-iCM V and MCMV have 
evolved mechanisms to disrupt the JAK/STAT pathway of 
interferon signal transduction [63]. 

The significance of IFN-y and TNF-a in MCMV infection 
has been demunslrated in vivo as well. Similarly to the 
depletion of CD4"*" T ceil subset, the neutrali7^tion of IFN-y 
In vivo abolishes the antiviral activity of die CD4'^ subset in 
the salivary glands, suggesting that CDA**" T cells mediate 
their antiviral effect by releasing IFN-y [53,59]. Further- 
more, TFN-y is required for the antiviral activity of CTLs in 
long-cemi CD4-depleted mice [56], IFN-y released by NK 
cells is con.sidered to play an important role in control of 
MCMV replication in liver [64]. Although TNF-tj may play a 
detrimental role during lethal MCMV infection 15], similar 
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to IFN-y, the neutraliiation of endogenous TNF-a also re- 
duces the antiviral activity of CD4* T cells in immunocom- 
pcient as well as in CDS* subsci-deflcient mice [SSJ. The 
depletion of ej\dogenou$ TNP-a in adoptive cell transfer 
recipients diminishes the antiviral function of CDS'*" T lym- 
phocytes, 

IH^-a/p play an essential role in limiting virus replication 
during the early stage after infect! on as well. These cytokines 
are produced by a subset of dendritic cells, which are induced 
during early MCMV infection and play an Important role in 
activation of NK cells but also specific CDS* T cells [651. It 
appears that plasmacylold dendritic cells predominantly pro- 
duce these Innate cytokines. IFN-a receptor-deficient mice 
(IFN-aR"^"! arc even more susceptible to MCMV than IFN-y 
receptor-deficient mice (IFN-yR"^!. dying from 100- fold 
lower doses of virus [66,67]. In unpublished studies, we 
found tliat IFN-a and -P deficient mice are considerably more 
sensitive to infection by SGV than age-matched control mice 
(S. Jonjic, unpublished). 

4.5. /mmunosurveiilance of latent and recurrent MCMV 
infection 

Latency is usually defined as a nonproductive persistent 
infection in which the viral genome is present, but gene 
expression is restricted to a small subset ofgc^nes, and infec- 
tious virus cannot be detected. It has long been a dilemma to 
clarify whether the true molecular latency can be established 
at the level of the entire organism or if there is continuous but 
lov/-lcvel virus production in Face of a fully primed immune 
response. Highly sensitive assays of infectivity andRT-PCR 
analysis for detecting viral transcripts during latency have 
conllrmed that molecular latency can be maintained at the 
level of the entire organism r68"70j. Kurz and Reddehasc 
[49] have shown that in the lungs of latently infected mice the 
immediate early transcription unit ie-J-h'S is active imd 
generates /c-/ -specific transcripts, but ic-i mRNA encoding 
the lE-3 transactivator, essential for early gene expression, is 
not delectable. Consequently, the transcription of E/L genes 
does not occur. The results accumulated so far indicate that 
reactivation is regulated at several checkpoints before the 
assembly and release of infectious virions; first, at the IE 
promoter/enhancer, also after IE 1/3 transcription initiation, 
putalivcly at the step of IEl/3 precursor splicing or splice 
product stabilization. The possibility that additional control 
checkpoints exist is very likely [49,71]. 

Latent HCMV DNA has been detected in the CD34* 
myeloid progenitor cells, suggesting BM as a site of latency 
and source of latent virus at extramedullary sites [72-741. 
However, keeping in mind that during primai7 MCMV infec- 
tion viral DNA is cleared from BM and later, also from 
intravascular leukocytes, but retained in mony organs in 
which MCMV establishes latency (lungs, liver, spleen, su- 
prarenal glands, salivary glands and kidney), it is unlikely 
that BM serves as a prominent source of latent MCMV 
[23,69,75,76]. The cell type(s) harboring latent MCMV ge- 
nome is still not clearly defined, although it is obvious thai 



this cell(s) must be widely distributed. Some authors have 
suggested hystiocytes and endothelial-likc cells, suromal 
cells of the spleen and macrophages/dcndritic cells and their 
progenitors as cellular sites of MCMV latency (reviewed in 
[77]). 

Although eariy studies indicated a protective role of ad- 
ministered antibodies during acute infection, studies on B 
cell-deficient mice demonstrated that antibodies are not es- 
sential for tlie resolution of the primary infcciion [68,78], 
Tliesc mice clear the vims and establish viral latency with 
clearance kinetics uidistinguishablc from normal mice. The 
load of the latent viral genome, which represents an indepen- 
dent risk factor for recunent infection [23], is also identical 
between B cell-deficient and normal mice [78]. The reactiva- 
tion from latency is the only stage at which the absence of 
antibodies alters the phcnotype of MCMV infection, since 
depletion of cellular immune control in B cell-deficient mice 
results in higher virus titre compared with seropositive con- 
iiol animals [68]. Therefore, we took the advantage of the 
enhanced ability to detect recurrent MCMV in B cell- 
deficient mice to suidy the selective role of CDS"*" and CD4"*"T 
cells, NK cells and cytokines in surveillance of the Tecurrcni 
CMV infection (Fig. 5) [68]. The stepwise wididrawal of 
immune effector functions revealed that the CD8"^ and CD4* 
T cell subsets, as well as NK cells, contribute in a hierarchi- 
cal and redundant fashion to resuict MCMV recurrent infec- 
tion. IFN-y also participates in the control of MCMV recur- 
rence, and its neutralization, when combined with the 
depletion of cither CDS* or CIM"*" T lymphocytes, gives rise 
to recurrent infection. Thus» from a cliulcal perspective, 
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Fig. S. Hierardilcal and redundant mechanismii of immune uontrol of latent 
MCMV infection. Latently MCMV-infcctcd B ceU-deAcient mic^: were 
depleted of CD4* T cells. CDS* T ceils. NK ceils and TFN-y alone or in 
diJfBTcnt combinations ax tndiualed. Two Weeks Idtei*, Ot^AM (.salivary 
glands, lungs and Rpteon) were analyzed for infociious MCMV. Mice 
ahdwtflg Incurve ntvirw* in any xstcd oi;gan8 were scored positive. Adapted 
from Ihe Journal vj Experirwnial Medicine IBS (1998) 1 047-1 D54, with 

cQpyrighLpenziidsion ofThe Rockefeller University Tress [08]. f.p^ footpad. 
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CMV latency is tightly controlled by the immune system* 
and the reactivation from latency* and sub^^quent serious 
morbidity and mortality occur5 whenever the essential com- 
ponents of immune conlrol mechanisms are compromised 
(e,g, in immunocompromised transplant patients). It appears 
that MCMV iniaaies the productive replication eyeless imme- 
diately and with a high frequency, resulting in rapid recur- 
rence in the absence of appropriate immune conirot. How- 
ever, one has to consider the possibility that high frequency 
of reactivation in our model should not necessarily be only a 
consequence of depletion of immune cells, but may also be 
induced by cytokines and other factors released due ud cell 
depletion in vivo. It has been suggested that the inflammatory 
immune response to allogeneic transplantation could be the 
first step in the reactivation of the virus in transplajit recipi- 
ents (reviewed in [791). Accordingly* some studies also indi- 
cate that the proinftainmaiOTy cytoHines may play a role in 
CMV reactivation from latency f80). 



5. MClVfY-medtated modulation of immune control 

5. J. MCMV evasion fwm CDS* T cells 

Viruses have **studied" immunology over millions of 
years of coevolution with their host$> and therefore, it is not 
surprising that MCMV, similarly to HCMV, encodes a num- 
ber of proteins aimed at ruining the effectiveness of the 



Cell infected with MCMV 
lacking m04mO$m152gBn&s 



immune response of their hosts (reviewed in {8 ) ]), However^ 
in spite of its many inrununoevasion strategies^ this virus is 
harmless for Immunocompetent hosts, and it is still not clear 
why CMVs have evolved and maintained so many immuno- 
modulatory functions. The most plausible theoiy would be 
that these immunoevasins help the virus to both establish 
latent infection and to reactivate and spread in face of the 
fully primed immune control. Since MHC class ]-restrictcd 
CDS* T cells are the principal effector? during MCMV infec- 
tion, it is understandable that the MHC class J antigen- 
presentation pathway is selected as a major target for immu- 
noevasion. Although there is no sequence homology between 
the genes of HCMV and MCMV that encode proteins that 
modulate the expression of MHC class X molecules, bodi 
viruses effectively and redundantly inhibit class I antigen 
presentation through multiple gene functions (Fig. 6) (re- 
viewed in [821). Three MCMV gene products alter MHC 
class I function: ml52, m04 and m06 (reviewed in [83]). The 
gene ml 52, a member of the m]45 gene family, encodes the 
type I glycoprotein of 40 kDa which retains assembled MHC 
class 1 complexes in the endoplasmic reticulum-Goigi inter- 
mediate compaitment (ERGIC) and Uiereby prevents the 
presentation of MCMV peptides to CD8"*'T cells at an early 
stage of infection [84]. The deletion of the ml 52 gene results 
in an attenuated vims with impaired pathogenicity and repli- 
cation in vivo due to more stringent immune control by CDS"*" 
T lymphocytes. Importantly, this anenuation fails to manifest 
in mice deficient for antigen presentation via the MHC class 
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Fig. 6, MCMV evi^ion from CDS* T cells and NK cellK in (iALB/v mice. Upper paiwl; cuH Infected with an MCMV Riratn that lackK ihrec major MHC class 
I eviuiion genes {^n04Atn06AfnI57) normally pn»cnLH vhal pepLidejs in MFtC c\uss I COniptex molecules and stres.s-1nduced NKG2D ligands on its sutIbcc. 
leading to activation of CDS'^T celU ^lud NK cellit. Lower panel: Cell infected with w.t. MCMV efftcienily «iVOidS imnmne control mediated by CDS* T and NK 
celU. The ni04 gene product binds to MHC cities I in die ER and remains associated throughout it^ tnuSport to the ceU Surface. The n\06 gene prOdUCI binds to 
MHC Cb$$ t molecules in the HR and redirecia them 10 the lyso:»oma. The m/52 gene product has a dual fUiiodan. It nstains MHC doss I molecules io the 
ERGIC/nV-Golgi comparonncnt and down-regulutcs NKG2D l]gfmd& 
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Fig. 7. Deletion of the MCMV gene ttUS2 seiuskizei Ihe viiiis for CD8*'T 
cell conlroL C57BL/6, Pjin'^" ond CPSr'" mice were Infected wiih eilher 
mi 52 ckslelidn muWnt (&mIS2) or Ik revortoni vinis (m/i2Rev\ and vims 
litres in lungs w«re disterminctl lO dayj^ afier infection. No diffenuioe 
between mutant und levencmi viruses was dbserved in Psm*^ find CDS"^ 
mice, whereas mJ52 deleUcn mutani was clearly QUenuated in 
C57BU6 mice compared with mJS2 revertant viiw. Reproduced from the 
Journal of Ej:perlnntmaiMemciw 190 l285-t296» wiilt copyright 

pcrnilj^ion of The Rockefeller Unsvetsity PreiS [85]. 

I pathway (Fig. 7) [85 J. The second MHC class I evasion 
function is encoded by the MCMV gene m06, which belongs 
to the mQ2 gene family and encodes for a 48 kDa type I 
iransnnembrane glycoprotein. mOCigg^Z binds to properly 



folded MHC class I molecules m the endoplasmic reticulum 
(BR) and redirects their transport to the cndocytic route for 
rapid proteolytic degradation [86]. As a consequence, m06- 
expressing cells ana not able to present antigens to CDS"^ T 
cells. The third MCMV gene which modulates the MHC 
class 1 pathway* m04, encodes for a 34 kDa type I transmem- 
brane glycoprotein, which binds to MHC class 1 complexes 
in the Ek, leaves the ER in association with MHC class I 
complexes and remains associated throughout their transport 
to the ce^ll surface [87]* It has been speculated that m04 could 
oppose the effect of ml 52 by rescuing ^ome class I molecules 
from retention, thereby preventiug NK ceil lysis of the m- 
fected cell, which can be activated by the lo55 of surface 
MHC class I molecules. The primary function of m04 as a 
cytotoxic T lymphocyte (CTL) immune evasion gene has 
recently been demonstrated: it does not interfere with MHC 
class 1 transport but rather with the interaction between MHC 
class I and the T cell receptor [88]. It is likely that the evasion 
gene products supplement each other in disrupting antigen- 
presentation machinery. The expression orm752, but not of 
m04, is requii-ed to completely block antigen presentation to 
D**-rcstriclcd CTL clones, but the expression of both mi52 
and m04 is necessary for the complete abrogation of antigen 
presentation to K^'-restricted CTL clones (881. 

Using MCMV mutants with combined deletions of m04. 
m06 and mI52 genes, Koszinowski and colleagues [89] have 
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Fig. 8. The mIS2fsp^0 down-iegubies NKG2D ligaiids and pi^venls NK cell-medisted lysis of infected cells. (A) Bt2 c^ns (immorcali?^ line of BALB/c 
iibroblmiiA) wen: inlecled with either m/ 52 deletion mwmi t/Smt 52) or m I S2 iievercantvini^ (mr52Rcv) andand1y7.edfore^res-'!ionof surfoce NKG2Dli£»nds 
by fitaininfi with PH-labeled NKC2D tetnimers 12 b after infecriort. (B) A4-h -'**Cr-i'e)ed.<:e t^^^y wan perfomned with NK cells fromBALB/c mice as effectois 
end B 1 2 ccIIa infected with cither Af»/J2 ormfSZ revertunt viruii aii ijusets. B 1 2 ccih mf(»<;[eJ wirh it'ie mJ52 reveruuii virui* ucqulred resistance to NIC cell JyslK. 
Reproduced from NafurA J/nt/uuiolaj^* 3 {2002} 529-535* with Dopyrlght permission of The Nature Publishing Group (39}. 
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recently shown that individual MHC clais 1 alleles are differ- 
entially affected by iniinunoevasive genes and that the iso- 
lated deletion Qtm06 has the strongest effect on MHC class I. 
They demonstrated that the m06 and ml 52 gene products 
cooperate in their function, but that In contrast, m04 and 
mi 52 gene products act antagonistically. 

5.2. MCMV evasion from NK cells^ualfimction 
ofMCMVmJ52/gp40 

MHC class 1 molecules serve as a rcatriction prbictple in 
both adaptive and innate immune responses. These mol- 
ecules interact with inhibitory receptors of NK cells and 
provide NK cells with sufficient negative signals to override 
the activating signals. How docs the virus deal with the fact 
that down-regulation of MHC class I molecules to avoid CDS 
recognition exposes infected cells to NK cell control? How 
can we explain the minimal contribution of NK cells in the 
control of MCMV replication observed in BALB/c and other 
Cmv/* strains, which lack Ly49H, but possess other activat- 
ing NK ceil receptors, like NKG2D? We have recently shown 
thai the inability of NK cells to act effectively against 
MCMV-infecied cells in BALB/c mice is due to the down- 
regulation of ligands for NKG2D receptor by the viral mI52 
gene product [39] G^ig. 8A). Thus, NK cells of MCMV- 
sensitive mouse strains have the ability to react to MCMV- 
infecled cells, but the ml 52 gene product inhibits tlieir activ- 
ity. The deletion of the ml 52 gene lifted this inhibition, 
rendering otherwise NK-resistani virus-infected cells sus- 
ceptible to NK cell control (Fig. SB). Murine NKG2D inter- 
acts with three cell surface ligands related to MHC class I 
molecules; Rae-1 (a, 5 and c isofonns), H-60. and 
MULT-1 f90-921. Based on the constitutive difference in 
expression of H-60 between BALB/c and C57BL/6 mice, 
which do and do not express H-(>0» respectively, it was 
concluded that mJ52/gp40 interferes with the expression of 
H-60. Yet, the possibility that differentiul expression of otlier 
NKG2D ligands between BALB/c and C57BL/6 strains is 
responsible for the lacic of m/52-mediated NK inhibition ki 
C57BL/6 mice could not be excluded. Recently, Lodoen et 
al, [931 demonstrated that gp40 specifically down-regulates 
Rae-1 a. Y» 5 and e. 

NKG2D is expressed not only on NK ceils but also on 
activated macrophages and T lymphocytes, where it serves as 
a co-activating receptor [9U94.95]. Therefore, the biological 
functions of gp40 could have three consequences: (1 ) evasion 
of innate immune responses through aciiviiy on the NKG2D 
tigaitds: (2) interference with NKC2D ligands as accessory 
molecule functions and subsequejii CTL functions; and (3) 
by its activity on MHC class 1 it down-modulates the TCR 
ligand directly. 

An additional means by which the vims can inhibit NK 
cells is by encoding a homologue of MHC class I molecules. 
The MCMV gcnome encodes a homologue for MHC 1, 
designated ml 44 [961. H has been hypothesized that the 
m 144 protein functions as a mimic of host MHC I molecules 
and acts as a decoy for NK cells by engaging inhibitory NK 



receptors, thereby proUscu'ng infected cells from NK cell- 
mediated lysis. Recombinant MCMV. in which the class I 
homologue gene has been disiupted^ shows severely re- 
stricted replication during the acute stage of infection com- 
pared with wild type (w.L) MCMV [96], In vivo depletion of 
NK cells restored the virulence of the m]44 deletion mutant, 
conlirming that mI44 contributes to immune evasion through 
interference with NK cell-mediated clearance. Expression of 
ml 44 on tumor cells also indicates that ml 44 has an iniiibi- 
tory effect on NK cells [97], However, since (he receptor on 
NK cells for ml44 remains unknown, the possibility thai the 
ml44 protein inhibits NK cells by a mechanism other than 
serving as ligand lor inhibitory NK receptors cannot be 
excluded. 

5.3, MCMV interference with other components 
of the host*s immune system 

MCMV interferes with other components of the host's 
immune system -ds well. Since chcmokines are important 
during early antiviral inflammatory responses, it was pre- 
sumed that viral horaologues of chemokines and chemokinc 
binding proteins may enable the virus to evade or disarm the 
normal host inflammatory response. MCMV encodes a CC 
chemokine homologue, MCK-2 (mJ3J/J29) [98]. In vivo 
studies have shown that expression of m 7^7/72 9 during acute 
infection contributes to an increase in the inflammatory re- 
spojise at the site of inoculation, higher peak levels of vire- 
mia, and more efficient dissemination of MCMV to the 
salivary glands L99]. Chemokines impart dieir biological 
activities through binding specific seven-transmembrane 
G-protein-coupled receptors, wliich we expressed on a vari- 
ety of leukocytes. Upon ligand binding, chemokine i^eptors 
activate a series of signaling pathways involving heterotrim- 
eric G proteins, intracellular Ca^"*^ release and other second- 
ary messengers. The MCMV-encoded chemokine receptor, 
M33» also resembles cellular genes and may play a role in 
modulating the host response for the benefit of viral tropism, 
pi-opagation and dissembiation [ 1 00], Jt has been shown that 
deletion of the M33 gene of MCMV results m severe restric- 
tion of virus growth in the salivary glands, a major site of 
viral replication and transmission. 

Another MCMV gene, m/38 (fcr-J), encodes for an 
88 kDa glycoprotein located at the surface of infected cells 
which strongly binds tlie Fc fragment of marine IgG LlOl]. 
Hypothctically, viral proteins that directly interact with host 
immunoglobulins could have potential to interfere with hu- 
moral immunity by modifying the antibody response of the 
host. A miss deletion mutant vims exhibits reduced growth 
in various organs of infected mice, compared with w.t. 
MCMV. However, virus replication in antibody^deflcient 
mice has demonstrated that the aUenuating effect of the/cr-/ 
deletion is not linked to its TgG-specific fmiction [102], 

Recently, the mechanism by which MCMV protects in- 
fected cells from destruction by homologous complement 
hiii been identified. By inducing expression of the membrane 
cofactor proteiji CD46, the regulator of complement activa- 
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lion, MCMV can prevent lysis of infected cells by mouse 
coTTipiement 1 103). MCMV has also evolved mechanisms for 
inhibition of MHC class II expression (eg. by interference 
with the IFN-y signaling or by induction of IL-lO) and 
thereby escapes iimnunosurveillancc by CD4* T lympho- 
cytes {reviewed in 1104]). although the gcne(s) responsible 
lire still unknown. 

Since apoptosis of infected celts is considered an eflicient 
meiins of protection from infectious agents, many vimsjes 
encode gene producbi thai actively inhibit apoptotic desU'uc- 
tion. Products of tv^o HCMV genes prevent apoptojiis. The 
HCMV UL36gent encodes an inhibitor of caspase-S activa- 
tion [105], and the UL37 gene encodes a viral mitochondrial 
inhibitor of apoptosis, which blocks mitochondrial megaporc 
activation [1061. MCMV encodes a UL36 homologue that 
binds to the endogenous procaspase-8 [1071. The MCMV 
gene m45. which shows sequence homology to ribonucle^ 
otide reductase genes and governs endothelial cell troplsm, 
prevents atx^ptosis in productively infected endothelial cells, 
suggesthig its cell type specific role in pi'eventing apoptosis 
11081. Since endothelial ccJli play a role not only in virus 
dissemination and latency but also in vascular disease [67], 
deci'eased apoptosis of these cells could contribute to vascu- 
lar disease by thickening of vascular wall. 

6* Concluding remarks 

MCMV infection is Still die leading animal model io study 
pathogenesis of HCMV infection. Although diere is an increase 
in understanding of different aspects of MCMV pathogenesis, 
many important questions still remain unanswered. Keeping in 
mind that the immunocompetent mouse host can easily conttol 
primaty infection and bring the virus to a nonproductive latent 
stage, the primary function of so many viral immunoregulatory 
genes affecting almost every component of the immune re- 
sponse Is still not clear. It remains to be tested whether these 
immunoregulatory genes are necessary for the virus to be main- 
tained in the latent stage, from which reactivation can occur 
periodically in spite of a fully scnsitiyjcd immune response. 
Another possibility would be tliat immunoregulatory viral genes 
arc imporiimi to prevent iramunopathological damage of the 
host during acute and Chronic infection. We still need to learn 
more about the viral tropism, and which cells and which condi- 
tions allow virus replication in vivo. It is also not clear whether 
productive MCMV infeciion can be noncytopathic in some cell 
types, particularly those that are vital for the animal host. For 
instance, we now know that different cell types in CNS can be 
infected during the perinatal period, but the mechanisms of 
MCMV clearance and the padiogenedc consequences of infec- 
tion and local iimnune response are completely unknown. Re- 
solving these, among many other questions, could aid in die 
development of new strategies for the treamieni of CMV infec- 
tion. It is likely that the MCMV model for HCMV infection will 
continue to profit from studies using specific vims deletion 
mutants, combined with studies of these genes in isolation, as 
well as from the use of gene-knockout mice. 
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Human cytomegalovinjs (HCMV) resistance to antivirals is a signrficant clinical problem. 
Murine cytomegalovirus (MCMV) Infection of mice is a well-described animal model for in mo 
studies of CMV pathogenesis, although the meohanisms of MCMV antivirel susceptibility 
need elucidation. Mutants rssistant to nucleoskje analogues aoiolovir, adefovir, oldofbvlr, ganddovir, 
penciclovir and valacidovir, and the pyrophosphate analogue foscamet were generated by 
in vitro passage of MCMV (Smith) in increasing concentrations of antiviral. All MCMV antiviral 
resistant mutants contained DNA polymerase mutations identical or similar to HCMV DNA 
polymerase mutations known to confer antiviral resistance. Mapping of the mutations onto an 
MCMV DNA pofymerase three-dimensional model generated using the Thermococcus gorgonarius 
Tgo polymerase crystaJ structure showed that the DNA polymerase mutations potentially confer 
resistance through changes in regions surrounding a catalytic aspartate triad. The ganciclovir-, 
penciclovir- and valaciclovir-resistant isolates also contained mutations within MCMV MS? 
identical or similar to recognized GCV-re$istant mutations of HCMV UL97 protein kinase, and 
demonstrated cross-resistance to antivirals of the same class. This strongly suggests that MCMV 
M97 has a similar role to HCMV UL97 in the phosphorylation oi nucleoside analogue antivirals. 
All MCMV mutants demonstrated replication-impaired phenotypes, with the lowest titre and plaque 
size observed for isolates coniaming mutations In both DNA polymerase and M97. These 
findings indicate DNA polymerase and protein kinase regions of potential importance for antiviral 
susceptibility and replication. The similarities between MCMV and HCMV mutations that arise 

Received 2 1 Jsinuary 2005 under antiviral selective pressure increase the utility of MCMV as a model lor In vivo studies of CMV 
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INTRODUCTION 

Human cytomegalovirus (IICMV) is an important patho- 
gen of immunocompromised individuals, and rhe develop- 
ment of antiviral-resistant liCMV strains is an increasing 
hindrance to the successful treatment and prevention of 
CMV-rdatfd illness. Animal models arc necessary for in vivo 
studies of CMV antiviral susceptibility and resistance due to 
die species- specificity of HCMV that restricts permissive 
replication to Kumans and human cell lines. Murine cyto- 
nriegalo virus (MCMV) infection in mice is an excellent 
model that has been extensively studied with respect to 
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pathology and immunology (Hudson, 1979; Koffron et al.y 
1998; Lagenaur et aL, 1994; Yuhasz et aU 1994). The entire 
MCMV genome has also been sequenced » and shares many 
regions of similarity with HCMV (Rawlinson ct aU 1993» 
1996). 

HCMV and MCMV are inhibited by antivirals that target 
the viral DNA polymerase, including nucleoside analogues 
adclovir (ACVJ» adefovir (ADV). cidolbvir (CDV), gan- 
ciclovir (GCV), penciclovir (PCV)> the ACV pro-drug vala- 
cidovir (VCV) and the pyrophosphate analogue foscamet 
(PFA) (De Clercq, 2001; Rawlinson, 2001; Smee 9t «/., 1995). 
HCMV and MCMV arc inhibited by similar concentrations 
of these antivirals in vitro, except MCMV exhibits Increased 
sensitivity to ACV (Boyd et al, 1993, Chrisp & Clissold. 
1991; Cole & Balfour, 1987; Rawlinson et al.^ 1997; Smee 
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et aL 19955 Xiong et ai, 1997a. b). The nucleoside analogues 
ACV, ADV» CDV, GCV and PCV require intracellular 
phosphorylation prior to incorporation into replicating 
viral DNA by the HCMV DNA polymerase [De Clcrcq, 
2001), Tn HCMV-infccted cells, ACV, GCV and PCV are 
Initially monophosphorylated by the HCMV UL97 protein 
kinase, and further phosphorylated to the triphosphate form 
by ceUular enzymes (Biron et al, 1985; Littler et aL 1992; 
Sullivan et aL 1992; Talarico et aL 1999j Zimmerman et oil, 
1997). ADV and CDV arc monophosphorylated and do not 
require activation by viral proteins prior to cellular con- 
version to their triphosphate forms (JCiong et aL J 997a, b). 

HCMV strains resistant to ADV. CDV, PFA or GCV can 
develop through muUitions of the DNA polymerase gene 
(encoded by UL54), which can confer midti-drug resistance 
depending on the mutation position {Chou, 1999; Chou 
et aL 2003j Ericc. 1999). HCMV UL97 protein kinase 
mutations are most often described as responsible for 
the development of GCV-resistance in HCMV isolates, 
although earlier studies omitted assessment of DNA poly- 
merase mutations (Chou, 1999; Erice, 1999). Although 
currently not documented in clinical isolates, mutations of 
HCMV UL97 protein kinase can confer resistance to ACV 
and PCV (Talarico et aL 1999; Zimmerman et aL 1997), 
with i>otentiaI implications for the useof VCV prophylaxis 
(Feinberg ef aL 1997; Lowance et aL 1999). 

MCMV M54 and M97 are positional, sequence and primary 
structure homologues of HCMV DNA polymerase and 
UL97 protein kinase (ElJiott et aL 1991; Rawlinson ct aL 
1993, 1996). The MCMV homologues retain DNA poly- 
merase and protein kinase domain regions Important for 
protein function (Elliott etaL 1991; Rawlinson etaL 1997). 
No other protein kinase homologues are known to be 
encoded by MCMV (Rawiinson et aL 1996). Phosphory- 
lation assays have failed to show detectable levels of ACV- 
and GCV-phosphorylation either in MCMV-infected cells 
or by a recombinant M97 protein, despite MCMV suscept- 
ibility to ACV and GCV in vitiv (Bums el al, 1981; Ochiai 
et aL 1992; Wagner et al., 2000), However, while HCMV 
UL97 substituted for MCMV M97 enhances GCV phosphory- 
lation by recombinant MCMV, HCMV UL97 does not 
complement the function of MCMV M97 with respect to 
virus replication (Wagner et aL 2000). Additional correla- 
tive information is therefore necessary to determine the 
complementarities of HCMV and MCMV antiviral suscept- 
ibility and virus replication. 

In order to further analyse CMV replication and antiviral 
susceptibility, we have generated a aeries of MCMV mutants 
resistant to ACV> ADV, CDV, GCV, PCV, PFA and VCV and 
characterized the genetic mutations associated ynth the 
resultant changes in phcnotype. Regions of MCMV DNA 
polymerase and the putative protein kinasu (pM97) impor- 
tant for MCMV antiviral susceptibility and virus rcpHca- 
tion have been identified. The mutations of these MCMV 
aiAtiviral-resiitant strains demonstrate remarkable similar- 
ity to mutations known to confer antiviral resistance to 
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HCMV isolates defined from infected patients, and correlate 
with DMA polymerase and protein kinase regions of 
functional imponance. 

METHODS 

Antivirals. Reagent gra^c ACV and VC^ were kiiidly provided by 
GlaxoV/dlcqmc (UK), ADV and CDV by Gilead Sciences (USA), 
GCV by Roche Pharmaceuticals (Australia), PCV by SmithKline 
Beecham Pharmaceuticals (UK) and PFA by Astra Pbarmnccuticals 
(Awu-aJia). Antivirals were resuspended in pyrogcn-frcc watiir 
(Baxter) to a final concentration of 10 mM (except PFA, which was 
resuspendcd to a final cpncentralion of 50 pM), filte^«tel'^Uzed and 
stored in aliquots at -20*C until use. 

MCMV etrAins. MCMV laboraioiy strain Sjnlth was obtained 
from ATCC. The virulent labomtory srrain KlBI and nine wild-type 
MCMV isolates (C3A, G4> K\7A, K17G, Nl. W2. V^S» We and W9) 
werQ kindly provided by Profe:t$or Geo&ey Sbellam &om the 
Department of Microbiology, University qf Western Aufitralia. Perth* 
Australia. Viral litres were quaiiLiHed in primary niocue embryo 
Ebrobla^cs CMEFs) by standard plaqu« assays, or described previously 
(Scott tfffl/., 2000). 

Generation of antlvlraL-rcslstant MCMV isolates. MCMV anti- 
viral resistant mubmtd (ACVrcs, ADVres, CDVres, GCVres, PCVrcs, 
PFAres and VCVres) were generated by continuous paj^iaging of 
MCMV Ubnratory strain Smith in MEFs in increo^ng concentra- 
tions of each antiviral. Mutanu were selected against both ACV and 
ihe ACV pro-drug VCV, to compare the resistance mutations 
generated by antiviral agcnt$ that diEfercd in bioavailability. Ijiitially, 
Smith strain waa cultured in 23 ctf? flasks containing minimal 
essential m«dia (MEM) +2% f«ta1 bovin? scrum and 0*1 )iU 
of antiviral. Virus was pass3{^ed 10 new MEF culnires after 100 
cytopathic effect (CPE) was observed, or one week of ailture where 
CPE was less than 100%, and antivn^ concentratian increased rwo- 
fold at each passage. At hiifhec ontivird conoeiitrotions, cultures 
were carried out in six-well plates, where plates \mc centrtfiiged at 
&0D g fcMT 30 min to enhance virus Infectivicy. Passaging of virus 
continued to the highest concentration of antiviral where virus con- 
tinued to he isolated without cellular tuiddty (Table i). 

Eadi antiviral-resistant mutant was plaque purified a total of five 
times by culturing serial 1:10 dilutions of viru* and sterile ficlcction 
of single plaques using a pipette set at 20 \.± Single pkques were 
amplified by ailture in six-well plates containing M£fs between 
purification round?. At the final round of plaque puiificationi mutant 
virus wa» cultured in the presence of media without antiviral and cell- 
associated virus harvested and stored in MEM -1-10% KBS at —80 X. 

Plaque reduction assays (PRA). PRA -was carried out in triplicate 
using 50 p.f.u, per weD of virus as described previously (Rawlijison 
et al, 1997), except that plates were centrifiiged at 600 g fpr 30 min 
foUowng inoculation of virus. The concentration range tor each 
antiviral was as follows: 0-47-120 i^M ACV (increased to 
480 |iM for analysis of the VCV-resiatanl mutant), 0-93-240 |.;M 
ADV, 0-0625-16 ^lM CDV. 0-62S-160 pM GCV, 1-25-^320 \iM PCV, 
6-25-1 BOO jiM PFA and 1-B25-Hia0 mM VCV. The 50 and 90% inhi- 
bitory concentrations (IC^o and ICgo) were calculated by linear 
regression from plots of percentage reduaton In plaque numbers at 
each andviral concentration againSl log drug concentrations. 
Resistance was defined as a greater than twofold increase in ICgo and 
ICjio values compared with parent (Smitli) strain. 

M54 and Md7 DNA PCR. M54 ajid M97 PCR was carried out on 
DNA extracted from MCMV-infected MEFs aS described previously 
(Scott et aly 2002). I'hc entire M34 gene was amplified in four 
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Table 1. AntivimI susceptibilities of wild-type MCMV parent strain (Smith) and correaponding MCMV antivfral-resistant mutants 



Antiviral 


Mutaut selection* (jiM) 


Paxent IC5ot ChI^) 


Mutant kCsot (|iM) 




acv 


60 


1-2±0'1 


26-0±2'5 


21-7 


ADV 


AO 


0'5±0-l 


135-1±70M 


270-2 


CDV 


8 


0-2±0'2 




35 


GCV 


SO 


6-5 ±2-0 


51'8±18-4 


6-7 


PCV 


160 


81 ±1*7 


22-2±4»S 


2-7 


PFA 


800 


80-9 ±14-7 


439'8±65'1 


5-4 


VCV 


240 


2-3 ±0-6 


279-1 ±140*2 


121-3 



"Viml amlvirsi! concentration for Isolation of ilie antivira] resistant muiaiit. 
tlCw, 50% inhibitory concentration (|.iM) of antiviral 

:^Indicate& fold increase of mutant IC30 from that of the parent strain (Smith). 



overlapping segments (M54A» M54B. M54C and M54D> of 
^pproximatdy 800 to 900 bp. M54A waK amplilied USlng primers 
M54.T8 (5'-ATCAATCGAGATAAGGGAGCC-3') and M54.B7 (5'- 
rCGAGCCCrCGCCGCGAACCT-3'). M54B using primers M54,T(i 
(5'-CATAAGGGAAACr,AACTACrr.30 and M54.B5 (5'-CGAC- 
CK5ACAGCAGATCAGGAT-3'). M54C using primers M54.T4 
(5'-GTrGGGCAAGATCATGTCCCG-3') and M54.B3 (5'-AGAG- 
CAGAGCAACTGGCCGTT-J'), and M54D using primer* M54.T2 
(5'-AAGGACAGGCAACGGTAGAAC-3') «nd M54.BI (5'-CTCC- 
GATTTCGAGTACTGACG-3'), The entire M97 gene was amplified 
by PGR in three overlapping segments (M97A, and M97C) 

of approximately 800 to 9QD bp> using primers M.97.TI 
(5"-TCGGA7CAClCTGG'rGTGTG-3') and M97.B7 (5'-AGCCCGCC- 
GCl AGAGGAAGC-3') for M97A, M97.T3 (S'-ATrCCGTGTCGGT- 
CGCCCGGT-3') and M97.B4 (5'-GGCCAGGCCCGC0TAGTCCC-3') 
for M97B, and M97.T5 (S'-AGCGTCTACl^GCAACATCCT-S*) and 
M97.B1 (5'-GACCGTCGTCGCATATCTGG-3') tor M97C Each 
reaction consisted of 50 mM KQ, 10 mM Tr is/HQ pH 9-0» 0-1 % 
Triton- X- 100, 5 mM MgGi, 0-25 mM dNTP. 0-4 jiM forward and 
reverse primer, 1 U Taq ONA polymerase (Proiiiega) «nd 2 fil DMA 
tempkite in 3 total reaction volume of SO Reaction conditions 
consuitcd of an initial denaturation step at 94 'C for 3 min followed 
by 30 q'dcs of 94 X for 30 55 for 30 s, 72 X for I min. 

M54 and M97 sequencing. l^CR products were purified as 
described previously using polyethylene glycol (PEO) 8000 (Scott 
ft aL 2002), and .Ht^quenced uslng ABl Prism BigDye terminaLor 
chemistry (Applied Blosy^tcms), Porwanl and reverse PGR primers 
were used for sequencing, as well as internal forward and reverse 
primeis spcsdiic for each PGR product The entire M54 and M97 
gene sequence^ were assembled by comparison to Smith can.«:nsu.v 
sequences (Rawlinson et al, 1996)* translated using Alitrans and 
whole protein sequences for each gene aligned using clustalw 
(Thompson cl aL, 1994). The HCMV UL54 DNA polymerase and 
UL97 protein kinase sequences from tabomtory strain AD 169 (Cbec 
et al^ 1990) and homologiies of other herpesviruses were also 
included In the alignments for comparison. The DNA polymer;^se 
sequences of the nine wild-type MCMV stl^ins and seven MCMV 
antiviral-resistant nnuTaj\cs were submitted to GenBank and have the 
accession numbers AY529137-Ay52914fi and Ay529lZ7-AY529l33, 
respectively. The pM97 seqaeiices from CCVrca, PCVrcs and 
VCVres were also submitted to GenBank and have the accession 
numbets Ay5291 34-AY5291 J^. 

DNA polymerase modelling. Pruietn sinictcres with similar 
sequence to HCMV and MC^MV DMA polymerase were idejitified 
by a BLAST search of the protein database (www.rscb.org^pdb) and 
these homologous polymerase proieins were aligned using clustalx 



(Thompson Cl dL, 1997), This alignrocnt included the bacteriophage 
RB69 DNA polymerase that has previously been used as a model for 
the analyas of herpes fiimpiex virus and CMV DNA polymcxaiie 
resistance mutations (Huang ef o/.^ 1999; Chou et ciL, 2003). An 
MCMV DNA polymeric model was built using the structure of the 
closest matched template of known three-dimensional structure, the 
Tgo polymerase from Thennococaa sorgoimrius (PDB code ITGO) 
(Hopfncr et al^ 1999) with the help of COMPOSER as contained in 
Sybyl6.92 (Tripos). The model was subjected to energy minimi^eadon 
to optimize the geometry and remove stcric overlap in the structure 
and Verify3D (Luthy et al, 1992) was used to evaluate the quality of 
the model 

Growth Kinetic p$^y$. Growth kinetic a&says comparing the 
wild-type parent strain (Smith) to each of the antiviral-resUtaTit 
mutzmts were carried out in triplicate. Virus was Inoculated at an 
m.o.L of 0-01 p.f.u. per cell onto MEFs.with centrifugal enhaitce- 
ment and cultured for 4 days. Cell-free (media) and cell-associated 
virus (trypsinized cells) were harvested and stored at — fiO"C Cell- 
free and cdl -associated virus titrcs were quantised by calculation of 
tiiisue culture infective dose (TCID) in 96-wcll plates containing 
confluent MfiPs- The number of infected cells per plaque for cach 
MCMV strain was also counted after 4 days of culture to detemune 
focus expansion and plaque size measured following photography. 
Tiiese analyses were performed as a blind trial. 

RESULTS 



Antiviral susceptibilities of the IViCMV 
antiviral-resistant mutants 

All seven MCMV antiviral -resistant mutants (ACVres, 
ADVres, CDVres, GCiVres, PCVres, PFAres and VCVres) 
were isolated in antiviral concentrations that exceeded the 
ICso and IC^go values of MCMV-sensitive strains (Rawlinson 
et aly 1997; Smee et aL, 1995). PRA confirmed the MCMV 
mutants had Significant increases in IC50 and IC90 values 
compared with those of die parent (Smith) strain (Table 1). 
The increases In antiviral inhibitory concentrations ranged 
from 2^7-fbld for the PCVres mutant to 270'2-fold for the 
ADVres mutant compared with the parent (Smith) strain 
(Table i). 

Mutants generated against nucleoside analogues that require 
phosphorylation (A(3V» GCVy PCV and VCV) also demon- 
strated cross-resistance to other antivirals within this group 
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Fig. 1. MCMV mutants resistant to ACV (ACVres). GCV 
(GCVres), PCV (PCVres) and VCV (VCVres) are crosa-resis- 
tant to other nucleoside anafogus antivlrals. The ICeo of ACV, 
GOV and PCV ai'e shown with orror bars for parent (Smith) 
strain and MCMV mutants resistant to ACV (ACVr^s), GCV 
(GCVres), PCV (PCVres) and VCV (VCVres). Largs standard 
deviations were observed For PCV IC90 compared vyrith other 
antivirals. 



(Fig. 1). The GCVres and PCVres mutants demonstrated 
moderate levels of cross-resistance to ACV» with approxi- 
mately 10- fold increases in IC50 values compared with 
parent (Smith) strain (Fig, 1), and 12- and 15-fold increases 
in IC90 values, respectively (results not shown). As expected, 
resistance to ACV was also observed for the MCMV mutant 
generated against VCV (Fig. 1). The level of resistance that 
VCVres demonstrated to ACV was very high, requiring 
inhibitory concentrations of ACV that were 200-fo)d diat of 
the parent (Smith) strain, and 10-fold thiit of the ACVres 
mutant (Fig. i ). Cross-resistance to GCV was only observed 
with the PCVres mutant* and not ACVres or VCVres, All 
mutants tested (ACVres, GCVres and VCVres) demon- 
strated cross -resistance to PCV (Fig. I). 

MCMV DNA polymerase mutations associated 
whh resistant phenotype 

All seven antiviral-resistant mutants contained mutations 
of MCMV DNA polymerase (Tabic 2 and Fig. 2). These 
mutations occurred in regions of MCMV DNA polymerase 
that were invariant in nine sequenced wild- type (antiviral 
sensitive) strains (AY529137-AY529146) and mutations 
were verified by repeat amplification and sequencing reac- 
tions using a second set of different primers. No MCMV 
DNA polymerase mutations were found outside of codons 
360-870 corresponding to the DNA polymerase domaui 
region (Fig. 2)» identified from alignment with HCMV 
sequences (Chou et aU 1999), Half of the MCMV DNA 
polymerase mutations (4/8) occurred within or In close 
proximity to DNA polymerase domain III (Table 2 and 
Fig. 2). 

The ACVres, ADVres and VCVres mutants contained 
identical amino acid mutations (P826R) between DNA 
polymerase functional domains I and VII (Table 2 and 
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Fig. 2. ONA polymerase mutaitona associated with antiviral 
resistance. FragmcMS of the MCMV Smith sequence 
(Rawlineon a/., 1996) and HCMV AD169 sequence (Chee 
ef s/m 1 600) are shown ae the reference consensus sequencdd 
for fidtecled DNA polymerase domains. Mutations aeeociated 
with MCMV antiviral refiiatance are shown in bold^ in relation to 
the domain or region in which they occur and their relationship 
with HCMV resistance mutations is shown in Italics. A mutation 
found in a temperature-sensitive mutant (lhara 6t aA, 1904) is 
shown underlined, and the IxlExE metal binding motif between 
DNA polymerase domains I and VII (Hopfner et a/., 1099) is 
shown in underlined italics. Regions of vari^ilion obsen/ed in 
antiviral-sensitive (wild-type) strains are indicated by an ast^isk 
C). Variation between domain VII and the C terminus occumed 
in only 5/11 of Isolates. 



Fig. 2). These mutants were Isolated at different lime points, 
and the ADVres mutation verified by repeat plaque purifi- 
cation of the mutant from original stocks and repeat 
sequencing. The CDVres mutant contained one mutation 
corresponding to DNA polymerase d- region C (L467I) and 
two additional mutations at DNA polymerase domain 111 
(D709N and V717L) (Table 2 and Fig. 2). The CDVres 
D709N mutation was located one codon outside the N- 
terminal end of DNA polyjnerase domain 111, whereas 
mutation V717L lay in the centre of domain ITT, Two 
mutations were found fn the GCVres mutant within DNA 
polymerase domains VT (L678V) ajid 111 (P734S) (Table 2 
and Fig. 2). The only DNA polymerase mutation of PCVres 
(T753A) was located three codons outside of the C-tcrminal 
end of domain III (Fig. 2). A mutation within DNA poly- 
merase domain VT was detected In the PFAres mutant 
( A679V), one residue downstream of the GCV res domain VI 
mutation (L678V) (Table 2 and Tig. 2). 

Alignment of mutant MCMV and HCMV DNA polymerase 
sequences indicated two of the CDVres mutations (L467I 
and V717L) were identical in location and amino acid 
change to HCMV mutations (L50I1 and Vai2L) associated 
with antiviral resistance (Cihl^tetal, 1998a, b) (Table 2 and 
Fig. 2). The location of the other MCMV resistance muta- 
tions, except T753A of PCVres, also correlated with regions 



of HCMV DNA polymerase associated with antiviral 
resistance (Cihlar et o/., I99aa, b; Scott et ai, 2004). This 
included the third mutation of CDVres (D709N), located 
one codon upstream of die HCMV mutation K805Q 
associated with CDV resistance and the DNA polymerase 
domain in N tcntiinus (Cihlar et aU 1998a). 

MCMV DNA polymerase three-dimensional 
structure 

An MC::MV DNA polymerase model generated using the 
T. gorgonarius Tgo polymerase crystal structure had good 
Verify3D scores for the majority of the protein (Fig. 3a). 
Tr gorganmius Tgo polymerase demonstrated greater 
simUarity to HCMV and MCMV DNA polymerase than 
bacteriophage RB69 DNA polymerase, which has previously 
been used as a model for the study of herpes simplex virus 
and CMV antiviral resistance mutations (Huang et alf 1999; 
Chou et at, 2003). The catalytic domain regions of MCMV 
DNA polymerase exhibited the best VerIiy3D scores, and 
the N-terminal region of the protein model had the lowest 
score (Fig. 3a). A small number of insertions in the MCMV 
sequence relative to the template protein were not amenable 
to modelling and were removed from the model during 
alignment. These regions were predominantly within the N- 
termlnal or extreme C-terminal region of MCMV DNA 
polymerase. 

The MCMV DNA polymerase mutations associated with 
antiviral resistance in this study were analysed using the 
model (Fig. 3b)- Only subde perturbations in the MCMV 
DNA polymerase model were observed on alteration of the 
residues associated with antiviral resistance. However, most 
of the resistance mutations were located in the model 
surrounding an MCMV aspartate triad (D624, D791 and 
D793) homologous to the catalytic aspartate triad (D717, 
D910 and D912) of T. gorgonarius Tgo polymerase* a 
motif important for nucleotidyl transfer and metal binding 
(Rodriguez et aL 2000). 

M97 protein mutations associated with resistant 
phenotype 

Mutants resistant to antivirals that require phosphory- 
lation (PCVrcs, GCV res and VCVres) contained mutations 
of pM97 not present in MCMV antiviral-sensitive strains, in 
addition to the DNA polymerase mutations described above 
(Rawlinson et al, 1997) (Table 2 and Fig. 4). Mutations of 
pM97 were not detected in the ACVres mutant » suggesting 
the P826R M54 (DNApol) mutation described above is 
solely responsible for the antiviral resistance of this isolate 
(Table 2 and Fig, 4). No pM97 mutations were detected in 
PFAres, demonstrating non-specific M97 muutions did nOL 
result firom passaging of virus. 

Regions of pM97 corresponding to protein kinase fimc- 
Lional domains were defined by alignment with HCMV 
UL97 protein kinase, herpes simplex virus ULIS and other 
protein kinase sequences (Chee ef fl/., 1989; Hanks fit Quinn, 



hHp-y/vir^nnjournaIs.org 



2145 



PAGE46/60'RCVDAT8/14/200710:08:18AM [Eastern Dayip 



OS/14/07 10:25 FAX 514 286 5474 



OGILVY RENAULT 



lg]047 



G. hA, Scott and others 



(a)| 



(b)l 



Fig. 3, MCMV DNA polymerase thr«^dimension$l model, (a) A ribbon representation of MCMV DNA polymerase coloured 
according to region (yellow, N-terminal region; blue, exonuclease region; white, thumb region; gfeen, palm region; red. finger 
regions) with the cataJytIc aspartate triad (D624, D791 and D793) drawn In bond representation coloured by atom type, 
(b) Ribbon model Of MCMV DNA polymerase whh reeidues identified a$ giving rise to daig reaiatance drawn fn bond 
representation coloured by atom type. 



1991). The pM97 mutations of the PCVres and VCVres 
mutants (M395V and T393M. respeaiveiy) occurred within 
regions corresponding to the protein kinase domain VIb 
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Fig. 4. MCMV pM97 and HCMV UL97 protdn kinase antiviral 
resistance mutations. Alignment of ih© protein sequencee of 
MCMV Smith M97 (Rawlinson 6f bI^ 1996) and HCMV AD169 
UL97 (Chee a/., 1990) whh MCMV resistance mutations 
identified in this study are indicated by bold font, and HCMV 
GCV reajstancQ mulaftons from previous atudidfi are indicated 
In italics (Chou, 1999; Erice, 1999), The putative donrwiin IX 
consensus motH described by Chee a/. (1 989) Is underlined, 
although alignment with MCMV M97 suggests domain iX of 
UL97 is further towards the N terminus as indicated by con- 
sensus motif Djcj(xxG as position 468-493 erf MClSJV and 
56a-557 of HCMV. Regions of varialion in wild-type antivir^l- 
sensHivs strains are indicated by an asterisk (*) (Rawlinson 
er a/., 1 997). 



conserved motif (DxxxrcN) (Table 2 and Fig. 4). The M97 
mutation of GCVres (P479L) was located between con- 
sensus motifs for protein kinase dorriains VITI (APE) and IX 
(CtacxxG) (Tahle 2 and Fig. 4). Alignment of the MCMV 
pM97 sequences with UL97 protein kinase sequences 
from HCMV antiviral-resistant isolates indicated the 
pM97 domain Vlb mutation of PCVres was homologous 
to a mutation (M460V) that confers HCMV resistance to 
GCV, with the pM97 mutation of VCVres only two codons 
upstream of this site (Fig. 4) (Chou et aL, 1995). 

Replication impairment of the MCMV antiviral- 
resistant mutants 

All MCMV and viral- resistant mutants were impaired in 
replication ability, producing smaller plaque siics and 3- to 
363-fold less cell-associated and cell-free virus titres than 
the parent (Smith) strain (Fig, 5). The most reduction in 
rephcation ability was observed with the VCVres mutant 
that contained single DNA polymerase and pM97 mutations 
(Fjg, 5). The replication impairment of VCVres was greater 
than that observed for the ACVres and ADVres mutants (all 
containing identical DNA polymerase mutations), indicat- 
ing the addition^il pM97 mutation of VCVres contributed 
to the overall decrease in replication ability of this isolate 
(Fig. 5 and Table 2). More than one mutation in MCMV 
DNA polymerase (the CDVres and GCVres mutants) or 
mutations in both DNA polymerase and pM97 (the GCVrcs> 
PCVres and VCVres mutants) tended to have a greater 
impaa on replication abihty than single DNA polymerase 
mutations. The PFAres mutant that contained a single DNA 
polymerase mutation corresponding to domain VI was the 
least replication- impaired mutant (three- to fivefold reduc- 
tion in TCIDso) (Fig. 5). Only a moderate reduction In 
plaque size was observed for the PFAres mutant at day 4, and 
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Fig, 5. Growth kinetics of MCMV parent (Smith) and antiviral resietent mutant strains in culture. The TCIDbo oF cell- 
aseociatod and cell'free MCMV parent (Smith) strain and antiviral resistant mutants after 4 days of culture in MEFs (initially 
inoculated at an m.o.i, of 0-01) are graphed Insets arc representative plaques produced by the parent (Smith) and antiviral 
resistant mutante after 7 days In culture with plaque size ratings (+, smallest; + + + ++. large??t). 



by day 7 the PPAres plaque sizes were equivalent to those 
observed for parent Smith strdn (Fig. 5). 

DISCUSSION 

The antiviral-resistant and replication-impaired pheno- 
types of the seven MCMV mutants were associated with 
M54 DNA polymerase and the M97 putative protein kinase 
mutations that developed in vitro under selective pressure 
irom antivirals. The involvement of the MCMV mutations 
in reduced antiviral susceptibility and replication ability is 
further supported by their correlation with HCMV muta- 
tions associated with antiviral resistance and their detection 
within protein regions of functional importance. In turn, the 
MCMV mutations associated with antiviral resistance and 
replication impairment have suggested important regions 
of MCMV DNA polymerase and pM97 that indicate func- 
tional dements of the HQMV and cellular homologues of 
these proteins. 

The MCMV DNA polymerase mutation P826R between 
domains T and VII of the ACVres, ADVres and VCVres 
mutants was identical in position but different in substitu- 
tion to a mutation (P826A) found in an ACV-resistant 
MCMV mutant generated in a separate study (Minematsu 
<it aL, 2001), Furthermore, this MCMV mutation correlates 
with an HCMV DMA polymerase mutation (V955I) we have 
recently identified in a patient who developed an HCMV- 
related illness despite receiving VCV prophylaxis (Scon etal.t 
2004). Thii5 suggests the region between DNA polymerase 
domains 1 and VII is potentially associated with CMV ACV 
susceptibility, which is enhanced for MCMV compared with 
HCMV (Cole & Balfour. 1987; Rawlinson etal, 1997; SmCC 
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et ait 1995). Domain 1 is the most conserved functional 
domain of DNA polymerases and is of major importance 
in substrate binding, polymerase activity and virus replica- 
tion (Huang et aU 1999; Ye 5c Huang, 1993). Domain VII is 
involved In polymerase activity and recognition of ACV 
(Hwang et aU 1992s Ye & Huang, 1993). These two impor- 
tant domain-s are maintained as ^*shcets in a herpesvirus 
DNA polymerase model (Huang et al, 1999), and j3-sheet 
tarns are predominantly associated with proline (P) residues 
(Stryer, i988). This suggests the antiviral resistance and 
replication impairment observed for ACVres, ADVres and 
VCVrcs might have resulted from altered interaction of 
DNA polymeiiLse domains I and VII with nucleoside 
analogues and natural substrate. 

The sLmilarity observed between MCMV and HCMV muta- 
tions associated ivhh antiviral resistance suggests MCMV 
antiviral -resistance and replication-impairment is poten- 
tially conferred via similar mechanisms as HCMV. Two 
mutations of CDVres (the <5-region C mutation L467T and 
domain III mutation V717L) were identical in location 
and amino acid substitution to HCMV DNA polymerase 
mutations diat confer resistance to CDV and GCV (Cihlar 
et ai, 1998a, b; turain et aL, 1992). The L467I mutation is 
identical in position to a i>-rcgion C mutation of HCMV 
DNA polymerase (L501F) that produces enhanced cxo- 
nuclcase activity (Kariya et al, 2000), and presumably more 
efficient removal of incorporated inhibitor. The third 
CDVres mutation (D709N) aligned adjacent to the N- 
terminal codon of HCMV DNA polymerase domain III 
(1C805), which when substituted with glutamine (Q) con- 
fers resistance to CDV (Cihlar et oi,, I998a). The D709N 
mutation is also congruent with domain III mutations of 
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HCMV DNA polymerase that interfere with DNA template 
binding (Ye 8c Huang, 1993). The P734S mutation of the 
GCVres mutant is in close proximity to an HCMV DNA 
polymerase mutation we have detected in an HCMV strain 
isolated ftom a patient demonstrating clinical resistcince 
lo GCV. PFA and CDV {Scott €t aL, 2004). The T753A 
mutation of the PCVrcs mutant did not correlate with 
antiviral-resistant mutations of HCMV, but was in dose 
proximity to ACV-resistant mutations of herpes simplex 
virus and varicella-zoster virus that result in decreeised 
substrate binding (Huang et al, 1999; Schmit & Bolvin. 
1999; Visse et «/., 1999). The A679V mutation of DNA 
polymerase domain VT was the only genetic alteration iden- 
tified in the PFAres mutant, and corresponds in localion 
\^nth mutations of HCMV and other herpesvirus DNA 
polymerases associated with PFA- resistance (Cihlar et aU 
1 998a; Schmit & Boivln. 1999), DNA polymerase domains II 
and VI are the only two functional domains of HCMV DNA 
polymerase associated with PFA-rcsisiance {Cihlar et al, 
1998a). The GCVres mutant also contained a mutation 
(L678V) within MCMV DNA polymerase domain VI, and 
an association between this domain and HCMV GOV resis- 
tance has been Suggested but not proven (Jabs et aL 2001 ), 

The conservative nature of almost all the resistance muta- 
tions identified in MCMV polymerase suggests that the 
mutations alter antiviral susceptibility of the polymerase via 
subtle perturbations of the protein. This is supported by 
analysis of the MCMV antiviral resistance mutations using 
the MCMV DNA polymerase model generated using the 
backbone of T. gorgonatiusT^o polymerase crystal structure 
(Hopfncr ef aL 1999), Most of the resistance mutations m 
MCMV CDVres, GCVres, PCVrcs and PFAres are clustered 
in domains III and VI and surround a catalytic triad formed 
by conserved aspartic acid residues D624 (domain 11), D791 
and D793 (both in domain I). Analyses of Thmnococois 
sp. polynierases have demonstrated the importance of this 
catalytic aspartate triad for nucleotidyl transfer and Mg^"*" 
binding (Rodriguez et aU 2000). Therefore, the MCMV 
mutations potentiaUy alter the local structure and hence 
orientation of the three aspartates in the triad, reducing the 
polymerase efficiency. This residting reduction In poly- 
merase efficiency would give the exonudease domain an 
improved chance to remove any defective DNA strands 
containing antiviral nucleoside analogues, allowing the viral 
polymerase to complete replication successfully. A furtlier 
potential mechanism of resistance involving disruption of 
an Mn^"*"- and Zn^"^ -binding site knov^m to associate with 
the catalytic aspartate triad (Hopfher et o/., 1999) is also 
suggested by the P826R mutation present in MCMV 
ACVres, ADVres and VCVres given this residue's proximity 
to this metal-binding region. The position of L467I at the 
end of a helix in the nuclease domain suggests tb^t this 
mutation may alter the processivity of the nuclease activity 
and poTentialiy have a concomitant efiFea on the incorpora- 
tion of inhibitors. Detailed Study of the enzymology of 
the MCMV DNA polymerase will shed further light on the 
mechanism of action of these antiviral resistance mutations. 
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Interestingly, the two MCMV mutants generated against 
ACV (one against the ACV pro-drug VCV) produced 
identical DNA polymerase mutations (P826R), but the 
VCVrcs mutant also contained an additional mutation in 
M97. It is not known whether MEFs cojitain the specific 
dipcptide transponers responsible for the increased bio- 
availability of VCV in intestinal cells (Han et aU 1998; 
Landowski et a/., 2003), nor VCV hydrolase required for 
deavage of L-valinc from VCV to produce ACV (Bumcttc 
et ait 1995). It is therefore unclear whether these mecha- 
nisms contributed to the additional M97 mutation observed 
in the VCVres mutant, and no evidence exists suggesting the 
frequency of additional resistance mutations is related 
to exposure to higher antiviral concentrations. However, 
similar to results observed here with MCMV VCVres, 
HCMV isolates containing mutations in both DNA poly- 
merase and UL97 have increased resistance to GCV com- 
pared with isolates containing single UL97 mutations 
(Smith et al, 1 997). In HCMV isolates, high-levd resistance 
related to the length of exposure to antiviral (Smith et aly 
1997), whereas ACVres and VCVrcs were exposed to anti- 
viral for similar lengths of time. The differences observed 
here for ACVres and VCVres were therefore most likely 
tlie result of random selection, enhanced by the process of 
plaque purification for each mutant. 

The detection of three separate pM97 mutations in MCMV 
mutants resistant to ACV, GCV and PCV suggest the involve- 
ment of the putative M97-prote5n kinase In MCMV 
susceptibility to nucleoside analogues that require phosphory- 
lation by virally encoded enzymes. Two of these mtitations 
(T393M and M395V of the MCMV VCVres and PCVres 
mutants, respealvely) reside within a region of pM97 
homologous to the protein kinase domaiii VTb consensus 
motif (DxxxxN) important for phosphotransfer and 
catalytic activity (Chee ct a/., 1989; Hanks 8c Hunterk 
1995). The M395V mutation of the PCVres mutant is 
identical in position and amino acid substitution to the 
UL97 protein kinase mutation (M4$0V) frequently detected 
in GCV-resistant HCMV isolates (reviewed by Chou, 1999; 
Erice, 1999). The MCMV GCVres mutation (P479L) did not 
correlate with HCMV UL97 protein kinase mutations 
associated with antiviral resistance, and cannot be directly 
attributed to the observed phenotypic changes of this 
mutant due to the presence of two additional DNA poly- 
merase mutations. However, the GCVres P479L mutation is 
located midway between protein kinase domain VIll (APi") 
involved in peptide recognition, and the peptide substrate 
binding domain IX (DxxxxG), and is therefore posi- 
tionally central to the protein kinase catalytic core (Hanks 
8c Hunter, 1995). No mutations were detected in the pM97 
sequence (KTCDAL) homologous with the UL97 protein 
kinase AACRAL motif that has a strong assodation with 
antiviral resistance in HCMV GCV-resistant strains (Chou, 
1999; Erice, 1999; Sullivan et al, 1993). Fuitliermore, the 
domain VIb mutation of MCMV VCVres did not confer 
cross-resistance to GCV despite beijig homologous to an 
HCMV UL97 protein kinase mutation that is common in 
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Murine cytomegalovirus aniivirad resistsince 



HCMV GCV-resistsmt isolates (Chou, 1999; Erice, 1999), 
This difference may account for the low levels of GCV 
phosphorylation by MCMV pM97 compared vdth HCMV 
UL97 (Wagner cf ai, 2000). However, the low levels of 
phosphorylated GCV produced in MCMV-infected cells arc 
sufficient for inhibition of MCMV repHcation. as shown in 
this study and others (Rawli'nson et aU 1997; Smee et aL 
1995; Wagner et 2000). suggesting MCMV DNA poly- 
merase has a high affinity for trace levels of phosphoiylated 
nucleoside analogues produced by the M97 putative protein 
kinase (Wagner et aiy 2000). 

MCMV and HCMV are similar in the DNA polymerase 
and protein kinase mutations tiiat develop under antiviral 
selective pressure, the evidence suggesting potential invol- 
vement of the respective protein kinase homologues in 
antiviral Susceptibility to nucleoside analogues, and the 
DNA polymerase and proteiii kinase regions that appear to 
be of functional importance. These similarities Indicate a 
close relationship between MCMV and HCMV antiviral 
resistance and demonstrate the utility of MCMV as an 
animal model for CMV antiviral studies. 
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Evaluations of Unformulated and Formulated Dendrimer-Based 
Microbicide Candidates in Mouse and Guinea 
Pig Models of Genital Herpes 

D. 1. Bernsteijn/* L. R. Staiiberry,H S. Sacks,^ N. KL Ayisi,^ Y. H. Gong,^ J. IrelaTid,^ 
R. J. Mumper,^ G. Holan,"* B. Matthews,^ T. McCarthy,'^ and N. BoumeH 

Children's hospital Medical Center^ and ^indae Clinical Sciences Inc,,'^ Cincinnati, Ohio: University of Kentucky, 
Lexington^ Kentucky^; and Smrphanma Li±, Melboumet Australia* 
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Prevention of sexually transmitted inrcctlons i$ a priority in developed and developing countries. One 
approach to prevention is the u$« or topical microbicides, and on<; promising uppruaeh \s the use of dendrim- 
ers» highly branched mdcromolecules synthesized from h po^yfuncdonai core« Three new dend rimer products 
dev^jloped to provide stable and cost-eTicicnt microbicides were mitially evaluated in vitro for anti-herpes 
simplex virus activity and then in vivo by using a mouse model of genitHi herpes. From Chc$0 experiments one 
product, SPL7013, was chosen for further evaluation to dcftnc the dose and duration of protection. Unformu- 
lated SPL7013 provided significant protection from genital herpes disease and infection at concentrations as 
low us i rng/ml and for at least 1 h following topical (intravaginal) administration of 10 m^iaL This compound 
was then formulated into three vehicles and farther evaluated in mouse and guinea pig models of genital herpes 
fnfeetion* In the murine evaluations each of the Tormulations provided significant protection at concentrations 
of 10 and 50 m^ral. Formulated compounds provided protection for at least 1 h at a concentration Of tO mg/ml. 
From these experiments formulation 2Y was chosen for dose ranging experiments using the guinea pig model 
of genital herpes. The guinea pig evaluations suggested that doses of 30 to 50 mg/ml were required for optimal 
protection. From these studies a lead compound and formulation (2V of SFL7013) was chosen for ongoing 
evalnatioDS in primate models Of simian fmrounodefidency virus and CJikmydia traehojnatis Infection. 



The spread of sexually transmitlcd infections (STls) contin- 
ues to grow at ao alai-ming rate. In the United Suites more than 
12 million people are infected with STIs cvciy year, accounting 
for 5 of the 10 most commonly reported infectious diseases (4), 
Globally the incidence of human immunodetjciency virus 
(HIV) infection continues to grow, with the most recent data 
from the United Nations showing thai 40 million people world- 
wide are HTV positive. Similarly, infections with herpes sim- 
plex virus type 2 (HSV-2) confmuc lo increase around the 
world at an aJarming rate despite the availability of effective 
antivirals (11 Seroprevalence data suggest that >45 mUlion 
patients arc infected in the United Stales at this time, with 
projections for even lurther increases (5, 6), The high percent- 
age of women infected witli both HSV-2 and HIV is of partic- 
ular concern. Because genital herpes can lead to an Increased 
risk of HIV infections, prevention of genital herpesvirus infec- 
tions may lilso impact the spread of HIV (5). Vaccines for STls 
remain an important goal for reduction of the their spread; 
however, HIV vaccines remain an elusive goal, while the pros« 
pccts for vaccines for Other STIs, including genital herpesvirus 
and human papillomavirus infection, are more encouraging (8, 
12). 

Microbicides* defined as a chemical entity that can prevent 



* Curresponding juthur. Mailing address: Division of Infectious 
Diseases, Cincinnati Chitdren'jj Hospital Medical Center, 3333 Burnet 
Ave. Cincinnati, OH 45229. Phonni (5t3) 636-7625. Fax! (513) 636- 
7682. E-mail: david.bcrnRtcin@cchmc.org. 

t Present address: University of Texas Medical Branch, QalvcKton, 
TX 77555-0436. 



OT reduce transmission of STb when applied to the va^na or 
rectum, represent an intriguing approach to the prevention Of 
STIs. Most microbicide candidates act by disrupting the cell 
membrane or envelope of the pathogen (for example, deter- 
gents such a& nono>7noi-9), tiy blocking receptor-llgand inter' 
actions (for example, sulfated compoundiii, snch as PRO 2000), 
oi by modifying the vaginal environment (for example, pH 
buffering agents such as BuHer-gel) (reviewed in references 10, 
14, and 15). 

Dendrimers are a relatively new class of macromolecules 
characterized by highly branched three-dimensional architec- 
tures thai oiTer an aitcmaiive to polyanionic polymers. They 
are assembled in a precise stepwise manner, and this con- 
trolled synthesis allows the assembly of liighly dciincd ''nano- 
objects,*^ in contrast to the heterogenous nature of traditional 
polymer-based maierials. Therefore, we applied this technol- 
ogy to prepare defined macromolecular polyanions that would 
retain good levels of activity against the early stages ol viral 
infection and have optimum physiciil properties (i.e., low sys- 
temic absorption* water solubility, case of formulation, etc.) for 
microbicide development. In vitro and in vivo studies on a 
selection of these compounds have been reported previously 
and 5;howed that they ar^ potent inhibiton;; of ii range of sex- 
ually transmitted diseases. Several compounds inhibited the 
replication of I^IV type 1 with a 50% effective concentration 
(BC^o) of <1 H-g/ml (19), while members of this same class of 
dendrimer were also effective in vitro against HSV-1 and 
HSV-2 (3). These compounds appeared to inhibit the early 
stages of virus replication although there was some evidence of 
effects on the late stages of viral replication (17, 19). In addi- 
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no, I. Molecular structures of SPL2999, SPL7G13, SPL7015. and SPL7032. The lysine dendriincT generation^ lire built Oul from a central corft 
(botdf{icc), through n iSeries of layers or gcncintions. The outer sulfonic acid surface is attached via thiourea (SF 12992) or amide (SPL7013, 
SPL70i5, and SPL7032) Imfcasra. 



lion, the compounds were nontoxic to the cells up to the 
highest concentration tested, 100 jxg/ml (3). 

Recently, dendrlniers dissolved in saUnc (i.e., unformulated) 
were uf^ed in in vivo evaJuations of activity in a moase model of 
genital herpes (3). These early dendrimer-based microbicide 
candidates were prepared by assembling aromatic-sulfonic acid 
or at*omatlc-carboxy1ic acid units to the outer surface of lysine- 
or poJyamtdoamlne-based dendiimcr^ via a thiourea linkage 
(for example, see compound SPL2999 in Fig« 1, which has 
previously I>een referred to as BRI-2999) (3» 7). Since that time 
we have further refined the dendrimer orchitccturo in order lo 
produce compounds in a Good Laboratory Praciice/Current 
Good Manufacturing practice environment with the required 
Stability and cost-of-production profile necessary for a micro- 
bicide candidate. This work resulied in the identification of 
three new microbicide candidates^ SPL7013, $PL70l5, and 
SPL7032 (Fig. 1), which are all prepared from the same lysine 
dendrimer and where the earljei* thiourea linkage has been 
replaced by a more stable amide bond. 

This paper reports on the In vivo evaluation of these stable, 
cxpandcd-spcctnim dendrimers when used in mouse and 
guinea pig models of HSV-2-induced genital herpesvirus in- 
fection. In addition we report the in vivo activity of three 
prototype formulations of the selected development candidate, 
SPL7013. This formulated preparation is Currently undergoing 
in vivo evaluations In macaques for efficacy against simian/ 
human immunodeficiency virus and Chlamydia tmchomaik'. 



MATERIALS AND METHODS 

Vltusefl. HSV-2 strain G was used for In vftro assays (7), while HSV-2 strain 
1H6 W3ui used tot tnouftt Inrtculaiionit (3) and airaiA MS wjLt usad for guinea p\g 
inoculations (2). All viru^s were pn;pur«fl iis <Je$crihe<l prevjoudy (2> 3, 7). 

Dendrimers* A powder foini of the dendrlmen wns supplied tiy StarphanxiD 
(PfAhfArt, Aunrftlifl). Sdluiions (1 to 100 mg/inl) were prcpAf&d In phosphaic- 
buffered siiline (P05) iind stored at room tempenitvre. 

Formulations. Formulaiion development work on S?L70(3 was performed at 
the Center for i^hnrrniiccutical Science und Tcchnolngy nt the University oF 
Kcnnicl^. Mctliylparabcn (NF), propylparaticn (NF), cdctate disodmni dihy- 
drOT^? (60Ta; VSP\ pmpylen* glycol fUSP). glyocpin CUSP), sodium hy- 
droxide (NF) were obtained from Spectrum QualiQr Productii, tnc. (New firuns* 
wick, NJ.). Carbopol 971 P (NF) was purcbosed from BF Goodrich Specialty 
Chemic!iijS (OavolAnd, Ohio), 

A iBnge of excfpjents were inttinlly invcsti^tedi but ultimateJy research fo- 
cused on carbopol-based aqueous gels due to their oiucoadhesive properties aod 
ihaSr u*A in vaginal pfoducbs ^nd oihcf microbiddc fbrmulailpAS. At shown Id 
Table 1, ihrfcfe dlfTiirerti proiotype SPt7m3 fomtubtions (IV, 2V, and 3V) 
were developed comrtlning 5, 1, 0.1, iind 0% <wl/wi) SFL7013. The proioiypo 
differed only in the (inal percentage (weight per weight) of propylene glycol and 
j>lyt:crln. All of the fici formulations contained a filial carbopol 971P (NF) 
cwicenlrntlon of 4.75 10 5% (wtAvl) depending On the flnwl conccnlraiion of 
SPL7013 in the gel. Carbopol 971 P (NF) is a cross-linlced acrylic acid listed in the 
MAn^mph as Carbomer M l. Aftisr tolclal evaluaiionf^ 1 to $% SPLTOli- 
eontm'ning rormulntion 2V was niso prepurvd. 

The gels were made wkh a Caframo (Wiorton, Ontario, Canada) stirrer, model 
6DC-IS5D. by adding the required amount of purified water, EDTA, and then 
propylene fclycol and filyech'n. Next, eai'bopol 971 P (NF) was slowly added to 
^vozd dumping, and tho fornrted ^el was minced until the polymer wa.^ fully 
hydniud (~1 h). The pH wu<i 'jdjuSTed to 4J with 1 U NaOH. and ihun meih- 
ylp:ir:tht;n 4nd pfOpylpiob^n werfi addisd and mvttid unlli di!i!X)lved. Thii ^56 1 waj^ 
lh«n niada to weight wiLh purifits^l waiar, and ihii final pH v^a» adjusted 10 44> 
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TAR IF 1, Excipients far three protoiypc vagiii&l microbicidc 
plACCbo gcU 



Escipienl 



Water for injCClion» VSP 
Mcthylparabcn* NF 
Piopylparahcn, NF 
EDTA, U5P 
CiirbOpOl 971. NF 
Propylene gJycol» VSP 



Glycerin, USF 



2 N NaOH to pH 4^ 



Protaiype 
gel 


ARIt 

(wiAvt) 

(%) 


Punctinn 


AU 


locr 


Vehicle 


AH 


0.18 


Antimicrobial preservative 


All 


0.02 


Anil microbial preservative 


All 


U.] 


Antioxidant 


All 


S.0 


Oellirig eg^nt 


IV 


5.0 


Emolllem 


2V 


1,0 




3V 


0 




iV 


5.0 


EiDOllient 


2V 


1.0 




3V 


0 




All 


9.0 


pH-adjv$ting agent 



* Make up to IOU<%. 



with wlhttr 2 M Ni>OH or I N HQ. Th« visi^OAity laf all gcU was mcii»ure<l with 
a cone and plate rhcOmeier, model RVDV 1)1+ (Drookhcld Engineering; 
Mlddlcboro, Mass.), at 25*C for 5 nun at 1,7 rpm by using spindle CPE-52. For 
bII geK Ihe viAcosity of the fprmululion* wis in the range of 30,000 w 43.000 cP 
under ihe wnd(i!tM& described Dbove< 

Each fonrn«bLlon was assessed for toxidly in a 5-day rabbit vaginal-iTriimiyn 
smdy prior to evahintiOn. Kach of the phicebo protinypa gels and those gels 
COrttainm^ 1 and 5% (wt/wt) Sl^LTOU elicited the same level of minimal inita- 
tioo In u If-^ay repeat dose rabbit vtiginal mOcJiil (data not shown). 

In vitro cr{iloflti<>nv. Confluent Vcro cell mc»noL'>ye« In six-wcU plates were 
Incubated in duplicate with diO'erent concentrations of dendrlmers ranijing from 
0.0? 10 30 M|i/ml ai 37"C for 1 h. One hundrttd PFU of HSV-2 stniin G were ihert 
odded to (he Ciills» «nd die samples were inCubaied i^t 37^ for 1 h. Afber the 
inoculum was removed, the eell.^ were washed with PBS %md i>verlaid with 0J9& 
meihylcellulosc for a plaque assay. Alter 2 days die monolayers were lVt£d with 
10*^ tonnalln sind suiincd with 0.5^ cry¥[jil vJolei m previously described (7). 
£Cio values werv (r!tk'ul>iied with the Ststview computer pro-am. 

The cytoioxjcity of the compooftd.^ was also evaluated by uAirt^j Vcro cells 
following incubation with various conciirAtrtitions of rhe test compounds tor 2 
Ouys imd eKnmtfiation using the neutral-red upuike tisiuiy as previously described 
(7). 

AnimaJ models. All rmmtnl protocols were approved by the CiAeinnati Cbi!- 
dren's Ho.«ipiial Animal Use and Care Committee. All procedures complied Wrth 
the relevant Eedend end inst3tulion»l pplieicft. 

MutiM mvilel of fitnltal HSV-2 infection. Aft pfcviotiiily descnbed (2. 3) female 
Swiss Webt>ter mic^ weighing IS to 21 g (Harlan, Indiimapoti-S Tnd.) were given 
0,t ml of a suspension containing 3 of medroxyprogesterone ncetaie (Upjoiin 
Phiirmnclu, Kal&mazoo, Mich.) by subcut»neoiid injection 7 days and 1 dny prior 
to challenge to increw^e ^iwccpubfliiy lo vaginal H^V infceiion. Animflls were 
then anesthetized, and the vi>g(nAfi woic swabbed with a calcium nlginaie swah 
prio' to Inti-avaginal inoculation of the formnUited oi* unformulated dendrimer or 
placebo in a volume of 15 h-I- Following various dcBned inlcrvnl.^ the aoimals 
^vere ttien ohallenged with 15 ofe inispcnslon containing 10^ Pt'U of HSV<2 
tUiiln IR^; applied intravaginnlly widwui I'emOva) of d^c preceding treatment 
mDieriul. Viiii.inal Mnnhn were collected from all iinimAls on d^ 2 after inocula- 
tion and rtorcd frtwen (-SO'C) until assayed for the presencft of vims on 



TABLE 2. AntivirBl uctivily of dendrimers agninst HSV-2 
deteimincd by plaque reduction assay 



Dendrimer 


f-Cf9 (l*SE^rt»l) 




SPL7013 


0.& 


> 1.000 


SPL7015 


04 


>1.000 


SPL7032 


0.7 


> 1.000 



•* Evaluailoiis were repented five lltne* for SlH.10l3, twice for SPL7015* and 
once far SPL70.^2. 

(X'rtir Cytotoxic conccticradon. 
''Tlie standard deviation wjia 0.03 ixi^'ml. 
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TABLE 3. Evaiuation of three expanded-spcctrum dcndrhtifcf 
producU; ugainst ^enitftl herpes in mice'* 

KrnctiOrt (%) of animals protected 
agaln.st: 



TrciiLmanc 



Concn 
(mg^ml) 



Disease 



infeeiicin 



SPL7013 


100 


11/11(100)' 


11/11 (my 


SPL7015 


100 


9/12 (15y 


8/12 (67y 
11/12(92)" 


SFL7032 


100 


11/12 (92)" 


PBS 




0^12(0) 


0/12(0) 



* F < 0.003 vemus PBS. 

* Mice were treated 20 s prior to challenge. 



B\isceptiblc rabbit kidney cells. Antmjils were tl«sn monitored daily for 21 days for 
evidence uf herpetic dl'^eas^e, including hair loss und erythema arouiul the peri> 
neum, chronic urinaiy Incontinence, hind-limb paralysis, and death. For the 
purpose Of these studies animals that did not develop Nympioms wore defined as 
infeeted if virus wns isolated from the vaginal swob specimens eollected oa day 
2 after inoculation (2. 3). 

Oiiniiisi ptfi model of gonltal herpes. Af previously described. Hartley guinea 
pi^ weighing 275 to 300 g ^Charles River Breeding lHibor;UOryi Wilmington, 
Mass,) were treated intrav-dglrwliy wlrii 200 pJ of formulated dendiimer or 
pl:ieeho, followed by intrava^ul Inocubiion with 2D0 p.1 of a suspensioo con- 
taining 10*^ PFU of HSV-2 strain MS without remOv;\l of the preceding treatment 
material (2). Va|r)nat .twabs were obtained on days 1 and 2 pO^dnOCulatlon and 
stored frozen (—80*) until ^J^^tiyt^d for the presence of virus on susceptible rabbit 
kidney cells. For the puiposu of ihe$c studies animals that did ocn develop 
Kyrapioms were defined as infected if vinis wus iSOUied from the vaginal swab 
specimens collected on day 1 or 2 after inoculation (2). 

Statistics^ Inddeoce data were eOmiN'kfed hy Rshcf s exact test AU compari- 
sons were iwo-sidcd. No carrecdons were mnde for multiple comparisons. 



ilESULTS 

In vitro. All thr&e compounds had f;iTnilar in vitro activities 
against HSV'2, with no evidence of toxicity even at the highest 
conccnimiion tested, 1,000 |Ag/nil (Table 2). 

ADiiual models, (i) Unformulated deiidrimers. In the initial 
experiment 10% solutions Of SPL7013, -7015, and -7032 (Fig. 
1) were evaluated in mice. Significant protection by each com- 
pound against disease and infection was observed (Table 3) 
when the time from treatment to virus challenge was minimal 
(20 s). From this and similar comparisons and because of the 
case a£ manufacturing, cost, and stability, SPL7013 was chosen 
for further development. 

In the stibseq uenl experiments either the effect of drug con- 
centration or the duration oI protection was evaluated. As seen 
in Table 4 compound SPL7013 provided significant protection 
at concentrations as low as 1 mg/ml when Uhe time £:om treat- 



TABLE 4. Effect of concentration on protection from gcniuil 

hcrpe5! by dendrimer SPL7013 in mice*' 



Treaumtni 


Concn 
(mg/ml) 


Fraction {%) of annnaht protected 
ufuinst; 






iritealon 


SPL7013 
SPL7013 
SPL7013 
PBS 


100 
lU 

1 


12/12(100)"' 
11/12(92)- 

8/12 (07/' 

0/12(0) 


12/12(100)" 
10/12(83)" 

6/12(50)'' 

0/12(0) 



i 

3 

ea 



8 



-P-s 0.001 versus PBS. 

*'F< O.tK VBrtuK PBS. 

* Mice were created 20 s prior to challenge. 
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TABLE 5. Duration of proicolion by dendrlmcr SPL7013 ngairtst 
genital hcTp^s; Iti mtce 



Treaimont 



Concn 



'Elrnfi (min) treated 
prior to chnlUnge 



Fr^^lion (%) of anim:it& 
l^rACoctcd ngainsi: 



tnCeOiOn 



SPL7013 


10 


5 


14/16 (88r 


Wi6 (8»)" 


SPI.7013 


10 


30 


13/16 (81/ 


12/16 (75y 


PBS 




5 


0/16(0) 


0/16(0) 


SPL7013 


10 


rio 


5/15(33)^ 


4/15 (17) 


PBS 




5 


0/15 (0) 


0/L5 (0) 



"P <. ajtfdi vcisns PBS. 
»P<O.OS versos PUS. 
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TABLE 7. Evaluaiioii ol three 5% formulations of dendrimer 
SPL7013 agairiKl gcflital herpes in mice 



Treaunent 



Time (min) 
Cortcn treuttid 
(mg^mJ) priof Eft 



Fractioii {%) of animaU 
prot^cu^ against: 



DLwase 



Infection 



SPL7013 formulation IV 


30 


30 


1(V16 


(63r 


10/16(63)" 


SPU013 fonnulalion ZV 


50 


30 


15/16 


(94)- 


15/16(94)* 


SPL7013 formulation 3V 


SO 


30 


16/16 


(my 


16/16(100)' 


SPL7013 formulntlon IV 


50 


5 


14/16 


my 


13/10(81) 


SPL7(n3 formulation 2V 


50 


5 


15/16 


(94)- 


15/16 (94)« 


SPL70I3 fpnnQlatiOn 3V 


50 


S 


15/16 


(94)- 


13/16 (94)- 


PBS 




5 


0/16 


(0) 


0/16(0) 



' /* < 0.001 versus PBS. 



ment to chaUcnge wa? rninima]. As seen in Table 5 this com- 
pound» al a concentration of 10 mg/m1, provided signilicant 
protecllon rrom disease for at least 1 h following administra- 
tion. 

(ii) Formulated dcndrinicrS4 Three different formulations of 
dcndrimer SPL7013 were then prepared at the University of 
Kentucky al concentrations of 1 and 5% (Table 1). In the 
initial experiment each fonnulution of 1% SPL7013 was eval- 
uated in the mouse model of genital HSV infection. As seen in 
Tabic 6 each formulation provided sifinificant protection when 
administered 5 min prior 10 iniravagfnal challenge. Note also 
thui the placebo formulation provided some protection against 
disease but not infection. This is most lll:ely due to the bufT- 
cring effect of the formulation in maintaining the acid pH of 
the vagina. In the subsequent experiment the duration of pro- 
tcclion out to 30 min after treatment with the 5% concentra- 
tion of each formulation vrtis evaluated. Again, significant pro- 
tection against infection and disease was provided by each 
fonnulatlon (Tabic 7). The 2V formulation was chosen for 
further evaluation and was shown to provide significant pro- 
tection at a conccnlraiion of \% for 30 min in two experiments 
and for at least 1 h aliec application in the one experiment 
where this was evaluated (Table 8), 

The 2V formulation of SPL7013 was further evaluated in the 
guinea pig model of genital herpes because this model, it is felt, 
better mimics human disease (13). In -the initial experiments 1 
to 5% concentrations of SPL7013 in formulation 2V were 
applied 5 min prior to vims challenge. As seen in Table 9, 



TABiM 6. Evaluation of three \% fomiuliiiioiis of dendrimcr 
SPL7013 against genital herpes in mict;' 



Treotmcnt 



Concn 
(mg/ml) 



Fraction (%) of onimalaf 
proicci^d against: 



Disease 



Infection 



SPL7ni3 formulation IV 


10 


11/16 (69)*' '' 


11/16(60)"^ 


Placebo IV 




3/16(19) 
JZa6(75)* 
7/16(44)* 


1/16(6) 


SPL7013 formviation 2V 


10 


12/16 (75)"'^ 


Placebo 2V 




4/L6 (25) 


SPL7013 formulation 3V 


10 


13/15 (87)*' 


12/15 (BO)"* 


Placebo 3V 




6/16 O&f 


4/16 (25) 


PBS 




1/16(6) 


1/10(6) 



^ P < 0.00 1 vcreus PBS. 

" P < 0.05 vcreus PBS. 

' f» < 0,05 verAuA pUccbo. 

^P< 0.001 versus placebo. 

' Mice wore iroateU 5 min prior to chaHengp. 



protection appeared to be dose dependant, with increased 
protection at 3 to 5% concentrations. The experiment was 
repeated to determine if the decreased activity of the 30-mg/ml 
dose would be confirmed. Repeat experiments showed that 
protection with this concentration was not diminished in com- 
parison to that with lesser concentrations. TIlUS, the second 
eKperimcnl confirmed the high protection rates provided by 
the 3 and 5% concentrations and were consistent with dose- 
dependant activity. The activity seen in the placebo recipients 
in the fii^t experiment is consistent with that observed in some 
of the mouse studies (Table 6) with formulation 2V. 

DISCUSSION 

The continued HIV epidemic and ongoing increases in the 
prevalence of genital HSV-2 and other STIs underscore the 
need for a safe effective user-con trotted strategy to prevent 
these infections. Microbicidcs offer one such strategy. Because 
of the lack of cIRcacy and possible deleterious effects of N-9y a 
nonionic surfactant that disrupts lipid membranes, such as viral 
envelopes (16, 18), compounds that inhibit binding, such as 
polyanions. rather than acting as detergents are receiving in- 
creased attention (reviewed in references 10, 14, and IS). One 
potential drawback of the polyanions in clinical development 
as topical microblcide.s is that they arc mixtures of compounds. 
PRO 2000 (1, 9). for example, is a polymer mixture of between 
4 and 6 kDa, and Carraguard contains various carbohydrates 
with varlou;! levels of sulfation. In contrast, SPL7013 has been 
characterized by mass spectrometry, capillary electrophoresis, 



TABLE 8. Evaluation Of duration of protection of 1% 2V 
formulation of SPL70.1? against genital herpes in mice 

Time (min) PtiiiC-tlcin (%) of animals 

Concii treated prixecied against: 

(mg/ml) prtor to ~— — 

challenge Disease In&ction 



Ttcatment 



SPI.7013 formutotion 2V 


10 


5 


a/l5(53)« S/15(53)'» 
C/15(60)- 8/15(53)" 
6/15(40)'' 6/15(40)^ 


SPL7013 formulation 2V 


10 


30 


SPL7013 formulation 2V 


10 


60 


PBS 




3 


0/15(0) 0A5(0) 


SPL7013 formulation 2V 


10 


5 


8/12 (67)'* 8A2(67)'' 
8/12(67)" 8/12(67)" 


SPL7D13 formulation 2V 


10 


30 


PBS 




5 


0/12(0) 0/12(0) 



*'P< 0.01 versus PBS. 
P < OAs vit&uA PBS. 
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TABLE 9. Evaluation of protection of dUferent concenirotlons of 
formulatioTi 2V of SPL7013 against gcnUal herpes in »u\iitii. pigT 



Treatment 



Froction (%) of anunalt 



Disease 



SPL7013 fonDuloiiwn 2V 
SPI.7013 formulation 2V 
SPL7013 formulation 2V 
SPL7013 fonnulailon 2V 
SPL7013 foTTDwlaiioii 2V 
Placebo gel 
PGS 

SPL7013 formulation 2V 
SPL7013 forraulailon 2V 
Placebo get 
PBS 



10 
20 
30 
40 
50 



30 
SO 



7/15 (47) 
1W15 (67' 

7/15 (47' 
tt/lS(73r 
12/15 (8or 
10/15 (67) 

4/15 (27)^ 

17/18 (94)*' 
3/18 (17) 
4/18(22) 



fnfcGiion 
3/15 (33) 

9/15 (6oy 

7/15 (47)" 
10/15 (67r 
11/15 (73)" 
8/15 (53y 
1/15(7) ^ 
15A8 (83)*' 
16/18 (89)<^' 
2/18(11) 
3^8(17) 



0.05 versus PI^S- 
'*P< a.(KJ1 vtifSUA PBS. 
' P < 0.001 versus placebo. 
AnimiiU wer^ ircatcd 5 mln prior co challenge. 



and high-pressure liquid chromatography, and in-process con- 
trols have been developed to tightly control thu synthe^sis. As a 
result SFL7013 has entered Cull preclinicid development as a 
topical microblcide. 

In this paper we have shown thai dendrimcr SPL7013 pro* 
vides protection from infection and disease in the mouse 
model of genital hcrpe$ even at concentrations a$ low as 1 
mg/ml and for at least 1 h after administration. Similarly^ after 
formulation thii candidate microbicide remained active when 
used in the guinea pig model of genital herpea. Thus, despite 
the increased sLzc, vaginal vault area> and higher dose of virus 
used in the guinea pig model, the high activity was maintained* 
Note also that, although good activity was maintained after 
formulation, there was no obvious advantage to the formulated 
product. CDontinuing evaluations are aimed at determining if 
the formulated products have advantages cither in the dura- 
tion of protection or dose effects in both the mouse and guinea 
pig models. Further, whether there might be advantages in 
larger animals, such as the primates that are currently being 
evaluated and humans, remains to be determined. The goal ol 
the fonnulation Should he to incrca^se the spread of the mate- 
rial so it is more effective, increase the time it is present in the 
vaginal eavity through mucoadhesive or other properties to 
increase the duration of protection, or provide additional ac- 
tivity> for example, by maintaining the vaginal pH. 

From both the mouse and guinea pig evaluations it appears 
that concentrations of 3% or higher Of the formulated product 
may be necessary for optimal protection. Because of tho en- 
couraging results with this formulated dendrimcr in the exper- 
iments presented here, evaluations in monkey models of sim- 
ian/human immunodeficiency virus and chlamydia are 
ongoing. Dendrimcr SPL7013 is one of the leading candidates 
to fuinil the ditficult requirements of a microbicide to be safe 
yet active against a number of STIs. 
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CONCISE COMMUNICATIONS 

The Topical Microbicide PRO 2000 Protects against Genital Herpes Infection 
in a Mouse Model 

Nigel Bourne/ David I. Bemsteln,* James Trcland.^ 'Dimian cffnActiaus Diseases. ChUdrcn's Hospital Medical (^ter 

wigei ijournc. / ^ Onemmlu Ohio: ^Proeept, Inc, CambrUlps, Massaehusetti 

Andrew J. Sonderfan, Albert T. rroiy» 
and Lawrence R. Stanberry^ 

Vaginal gel formiiladons containing the naphthalene sulfonate polymer PRO 2000 are being 
developed as topical microbiddes to protect against infection wUb sexuaUy transmitted disease 
(STD) pathogens. A mouse model was used to determine whether PRO 2000 could protect 
against genital herpes in vivo- Animals received a single intravaglnal application of IS jtL of 
a 10% PRO 2000 aqueous solution or a 4.0% or 0-5% PRO 2000 vaginal gel formulation 20 
s prior to intravaginal challenge with 4.0 log,o pfu of herpes implex virus type ^. Treatment 
with the 4.0% gel provided complete protection against infection; treatment with the 0.5% gel 
or 10% solution provided 81% and B0% protection^ respectively. Furthermore, the 4% gel 
provided significant protection even when viral challenge was delayed until 60 mln after 
treatment. This is the first report to show that PRO 2000 can protect against infecdon with 
an STD pathogen in vivo. 



The incidence of sexually transmitted diseases (STDs) con- 
linuca to rise at an alarming rate. Currently 5 of the 10 most 
commonly reported infectious diseases in the United States arc 
sexually transmitted, and an estimated 12 million cases ofSTDs 
occur annually [1]. Topical microbiddcs, which are applied di« 
rectly to the genital tract on an episodic basis and protect 
against infection, are an attractive approach to reducing the 
spread of STDs. The fact that microbicide use can be female 
initiated (if necessary, without parmer consent) has added im- 
petus to the search for safe and efTectivc compounds, because 
it is recognized thai females bear a disproportionate burden of 
STD infection and arc freqtiently wiable to negotiate condom 
use [1-3]. To date there have been two main approaches to the 
development of topical microbicidcs. The first has been to iden- 
tify detergents or surface active agents that inactivate STD 
pathogens by disruption of the outer envelope or membrane. 
The eonrtpound that has been most fully evaluated in this regard 
is the detergent nonoxynol-9 which is the active ingre- 

dient in many over-the-counter spermicides [4-6], 
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The second strategy has been to identify eompounds that can 
prevent infection by blocking binding of the pathogen to host 
cells. The naphthalene sulfonate polymer PRO 2000 (Procept* 
Cambridgei MA) is an example of this second approach. PRO 
2000 was originally found to disrupt early molecular events in 
the human immunodeficiency virus (HIV) type 1 infection pro- 
cess and to suppress infection by a broad range of I IIV isolates 
[7]. More recent studies have shown that the compound is also 
active in vitro against two other common STD pathogens: her- 
pes simplex virus type J (HSV-2; 50% cITeetive concentration 
[ECso] < 0,03 pig/raL) and ChUimydkt trachomatis (ECso 0.6 ^g/ 
mL) [8]. Thus, it has the potential to act as a broad-spoctrum 
microbicide. In addition, PRO 2000 has a number of other 
characteristics that arc desirable in a microbicide. It is straight- 
forward to synthesize, highly water soluble and stable, virtually 
colorless and odorless, and compattblc with latex condoms. 
Furthermore, two recent phase \ clinical trials showed that 
vaginal gel formulations containing =^4% of PRO 2000 are safe 
and well tolerated (unpublished data). 

In the studies reported here, wc examined the ability of PRO 
2000 both in solution and in the vaginal gel formulations used 
in recent clinical trials to act as a topical microbicide against 
HSV-2 infection in vivo in a mouse model of genital herpes. 

Materials and Methods 

PJiO 2000. PRO 2000 powder was synthesized by Iht polym- 
erization of 2-naphthalene $;ulfonic add and formaldehyde, fol- 
lowed by the scleetive prectphation of a 5 :jb 1 kDa low-polydis- 
persity fniciion. The 4.0% and 0.5% (wC/wt) PRO 2000 vaginal gel 
formulations were prepared by combining PRO 2000 powder in 
water with 2.0% and 1 J5% Carbopol 1 382 (B. F. Goodrich, Clevc- 
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Tabic 1. ^H'ect of PRO 2000 against genital hcipcs simplex virus 



ivoe 2 tn mice. 




PRO 2000 






Np. protcctwl 


No. proloctcd 




concenlniiion 




No. 


against 


against 






Vehidfi 


inocuMfid 




disease C^i) 


1 


n 


PBS 




0 


1 (7) 




10 


PBS 


IS 




12 (80)*' 




0 


Gel 


15 


2(13) ^ 


2 (13) 




4 


Gel 


15 


15(100)^ 


15 000)' 


2 


0 


Gd 


!7 


3 (18) 


4(24) 




0.S 


Gt\ 




13 (SI)** 


14 (88)*' 




4 


C«l 


1^ 


16 (100)*" 


16 (lOO)** 



NOTE. Ail mice were litatcd for -2U $ relative to virus mocuwiwa. 
" Anioiils that <IW not develop tiyrnptoniB wcro defined as intccuA if virus wa* 
iBolRleO ftom vaeinQl coUccHfU on day 2 afUr iitoculation, 
* P^ja}\ vs. appropriate control by Fl4hci*a exncl test. 

land, OH), irspectively* 0.05% lactic acid, and trolamine (lo pH 
4.5).' A placebo gel of comparable viscosity was prepared by use 
of 1.0% (wt/wt) Carbopol 1382. The powder and gel formulalions 
WCTC supplied by Procept. 

Viruses and cells. HSV-2 strain 1 S6 (9] was prepared by caliure 
in low-passafifi primary rabbit kidney (RK) cells. Viras slocks were 
mainiained frozen (-80'*C). RK cells were prepared as previously 
described [10] and maintained in Eaglets basal medium supple- 
mcnied with !0% (vol/vol) fetal bovine serum. 

MQuxe model of genital HSV'2 infeciion. Female Swiss Webster 
mice weighing 18-21 g (Harlan, Indfanapolis) were administefed 
0.1 mL of a suspension containing 3 mg or medroxyprogesterone 
acetate (Upjohn Pharmacia, Kalamazoo. Ml) by subcutaneous in- 
jcclion in the shoulder region 7 and 1 days prior 10 viral challenge, 
to increase susceptibility to vaginal HSV infection. On the day of 
viral challenge, animuls were anesthetized by intraperitoneal injec- 
tion of 0.25 mL of a solution containing 6.5 mg/mL sodium pen- 
tobarbital. The vaginal vault was swabbed twice, first with a mois- 
icned type I calcium alginatc-tipped swab (Fisher Scientific, 
Pittsburgh) and then with a dry swab. Animals wens then inoculated 
by instillation of 15 ^tl- of a suspension containing 4.0 logto pfu of 
HSV-2 186. 

Vaginal swab samples were collected from all animals on day 2 
afler inoculation and stored Trozen (-SO'C) nntil assayed for the 
presence of viru5 by culture on susceptible RK cell monolayers. 
Mice were evaluated daily, to day 21 after inoculation, for evidence 
of symptomatic infection that Included hair loss and erythema 
around the perineum^ chronic urinary incontinence, hind-limb pa- 
ralysis* and mortality. For the purpose of these studies, animals 
that did not develop symptoms wert; defined as infected if virus 
was isolated from vaginal swab samples collected on day 2 after 
inoculation. 

Statistics, Incidence data were compared by Fisher*s exact test. 
All comparisons were two-tailed. 



Results 

In the initial study (table 1; scries 1), groups of mice were 
treated intravaginally with 15 ;tL ofa lOVc, (wt/vol) PRO 2000 
solution in sterile PBS or with 15 fiL of 4% PRO 2000 gel 20 
s prior to virus inoculation. Control animals received the same 



vobmc of sterile PBS or the placebo gel formulation. The in- 
cidence of infection was comparable in both control groups (1 5/ 
15 PBS vs. 13/15 placebo; 28 of 30 animals were infected in 
total), Subscqwntly, all but 1 of these mice developed symp- 
toms and died, demonstratmg that the placebo gel provided no 
protection against viral challenge. In contrast, PRO 2000, both 
in solution in PBS and in the 4% gel formulation, provided 
significant protection against disease and infection, compared 
with the Appropriate control group {J*< .001 each). All 3 PRO 
2000-tTeatcd animals that became infected were in the group 
that received the 10% PRO 2000 sohition. Cotisequently. we 
chose to use the gel formulation in subsequent studies, to fur- 
ther evaluate PRO 2000 as a topical microbioide. In a second 
Study (table 1; series 2), animals treated with the 4% gel 20 s 
before viral challenge were completely protected. In addition, 
trcHtment with a lower dose (0.5%) PRO 2000 gel was also 
effective, pix>viding substantial but not complete protection 
against both disease and Infection, compared with the placebo 
gel {F<M\ each). 

We next cxnmined the effect of the time of application on 
emcacy. Table 2 shows that mice treated with the 4% PRO 2000 
gel 5 min before viral challenge were completely protected 
against infection. When the gel was administered 15 min before 
challenge, 11 of 12 mice were protected, and even when the gel 
was applied 60 min before challenge we observed both signif- 
icant protection againdt infection (P< .01 ) and development of 
disease (i'<. 05). 



Discussion 

An effective microbicide must be both highly protective and 
safe even when administered one or more times daily. This 
safety requirement has led to concerns that fiuquent application 
of microbicidcs containing surface-active agents at concentra- 
tions sufFiciem to inactivate pathogens might also cause damage 
to the vaginal epithelium and thus, under certain circumstances, 
actually increase susceptibility to STD infection. Clinical stud- 
ies with N-9 appear lo confirm these concerns, since there is 

Table 2. Effect of time of adttunistration on the efficacy of PRO 
2000 gel again.1t ge nital herpes simplex innis type 2 in mice. 

No. protected No. protected 

against against 
tDfection'' C^) disease {%) 





Time 


No. 


Tnraimcnl 


aUmii)i27tcrcd* 


inoculated 


Pliiwbo 


-2A$ 


IS 


4% PKO 2000 


—5 min 


12 


4% PRO 2000 


—13 min 


12 


4% rftO 2000 


—30 min 


12 


4% PRO 2000 


-60 miA 


12 



1(7) 

12 (lOO)''' 
11 (92r 
t (58)** 
7 (58)** 



4(27) 

1) (92r 

9(75)" 



NOTE. AU ire»iiiiciit was given in gel. 
" Time rclulive to virus iaoculalion, 

"* Animtit» Unit did not develop symptoms were delhteU ua infected if viras W4* 
isolated rrom ^^Afittial swabs collected lin day 2 «ftcr inoeulatian. 
" i>< .oOl V3. placebo, rishur'ii exact test. 

P<.(i\ vs. placebo, Fi^hur'S CUCt tCSt. 
' /»<.05 vs. placebo I Plshw'ft exact test. 
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subst^intial evidence that frequent use can cause mflamrnation 
and disruption of the vaginal and cervical epithelium 111, 1^ 
In addition, while protected against a naml^r of STD 
pathogens m animal studies 113. 14], results from clmtcal tnals 
have been contradictory ML Thus, there is considerable in- 
terest both in the identification of novel compounds with po- 
tential as topical nuc.x>bicides [14^16] and in the development 
of niicK>bicides, such as PRO 2000. that act by blocking 
fection rather than by the destivaion of *^^.P^,*<^5enJt » 
hoped that such agents, In addition to being highly protective 
will not cause cytotoxicity even after frequent use. The results 
of two recent phase 1 clinical trials provide preliminaiy evidence 
that vaginal gels containing ^4% PRO 2000 are both safe and 
well tolerated (unpublished data). The results reported here 
piovide the first evidence that PRO 2000 can provide in vivo 
piiotcction against a recognized STD pathogen. «SV-2_ 

We show that a single prophylactic application of PRO 2000, 
cither in solution or formulated in a vaginal gel at concentra^ 
tionB used in phase 1 cUnicat trials, is sufficient to provide sig^ 
nificant protection against HSV.2 infection in a mouse model. 
The 4% vaginal gel fonnulation was 100% protective when 
administered shortly before viral challenge and retained good 
efficacy for at least 60 min. This abiUty to be effective quickly 
after application and to maintain protective efficacy for an ex- 
tended period m the genital tract is an important oharactcnstic 
roramicrobiddc. Since it is likely thatthere will be considerable 

variations between the time of application and cxposurt to an 
STD pathogen. On the basis of the observed in vivo effective- 
ness of PRO 2000 against genital I-1SV.2 infection, further stud- 
ies of PRO 2O0O's potential as a microbicide arc warranted. 
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